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ABSTRACT
Access to potable water has been arguably one of the most important requisites for the
advancement of human civilization on earth. As a result, man in his infinite wisdom devised the
dam and formed reservoirs, (man- made lakes), to exploit water resources at will. In all natural
lakes and reservoirs changes occur in the water quality parameters as it relates to chemical
nutrients, temperature and turbidity over time. These changes are collectively referred to as
“Reservoir Ageing”, of which sedimentation and eutrophication are primary. Reservoir Ageing
has consequences which adversely affect and defeat many of the intended uses of the reservoir.
Sedimentation for example, drastically reduces the water storage capacity of the reservoir.
Studies indicate that thirty three percent of Midwestern, southeastern and southwestern
reservoirs in the U.S, constructed prior to 1953, have lost from a quarter to half of their original
volume and an additional fourteen percent have lost one half to three quarters of their original
volume. Ten percent have lost all storage capacity completely. Although most of the
consequences of sedimentation are negative, sediments in reservoirs can be useful as scientific
tools. Sediments have been used to investigate paleoclimates and paleoecoligical relationships
and land use changes in a variety of natural lake systems.
Ageing also results in the proliferation of toxic cyanobacteria which can have negative
consequences for humans as in the case of Brazil, where 139 people were killed. In particular
reference to my research, Ageing can cause bad taste and foul odor of the drinking water in the
reservoir causing consumers millions in additional cost. Several measures such as chemical,
physical and biological have been utilized to control some of the consequences of Ageing with

varying degrees of success. However, any successful strategy must include the entire watershed
within which the reservoir is located.
This dissertation provides a review of reservoir ageing ranging from the history of
reservoirs to contemporary studies on the effects of ageing. Chapter 1 provides background
information on the history of reservoirs, their differences between natural lakes and the
biological and chemical consequences of these differences. An in depth discussion is presented
on sedimentation, eutrophication, the response of the phytoplankton community to reservoir
ageing and the steps normally taken to mitigate eutrophication. The final segment of Chapter 1
discusses the use of reservoir sediments in paleoecoligical studies and the interpretations derived
from these studies.
Chapter 2 presents the results of a 2 year investigation on the effect of precipitation on
algal T/O episodes a major effect of ageing with direct consequences for humans. The study
demonstrated that 2007, a year of low precipitation, led to nutrient limiting conditions, favored
the proliferation of harmful cyanobacteria and the presence of MIB (2-methyl-iso-borneol) in the
drinking water. The wet year 2008 had greater nutrient concentrations, large abundance of the
diatom Aulacoseira ambigua, low cyanobacterial abundance and very low concentrations of
MIB. This paper has been submitted to the Journal of Harmful Algae and is now in review.
Chapter 3 investigates the use of reservoir sediments as reliable archives for water quality
changes associated to reservoir ageing and land use change. The use of reservoir sediments for
the aforementioned purposes is rare because of difficulties with sediment dating techniques,
different morphological characteristics compared to natural lakes and that eutrophication
indicators may not behave the same way in reservoirs as they do in natural lakes. Despite some
temporal differences the study demonstrated that reservoir sediments can be used as reliable

archives for reservoir ageing and the accompanying water quality change. The typical phases of
trophic upsurge and depression that occur after reservoir filling was reflected both in the
sediment geochemistry and water column nutrient concentrations. This paper will be submitted
to the Journal of Lakes and Reservoirs: Research and Management.
Chapter 4 went a step further and explored the use of the silicified remains of diatoms to
determine the potential relationship between climate signals and biological activity in the
reservoir. This idea was based on the results of the two year study which demonstrated that
Aulacoseira ambigua responded positively to periods of increased precipitation. Results from
this study confirmed this long term relationship and showed that the majority of the variance in
overall diatom abundance was most significantly explained by precipitation indicating that
diatoms could potentially serve as precipitation proxies in reservoirs in the south-central US.
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DISSERTATION OVERVIEW

This dissertation provides the results and interpretations of a three year study which
investigated reservoir ageing, the change in water quality conditions over time, and the
associated consequences of such changes. Chapter 1 provides summary information on the
history of reservoirs, differences from natural lakes and the biological and chemical
consequences of these differences. An in depth discussion is presented on sedimentation,
eutrophication, the response of the phytoplankton community to reservoir ageing and the steps
normally taken to mitigate eutrophication. The final segment of Chapter 1 discusses the use of
reservoir sediments in paleoecological studies and the interpretations derived from these studies.
Chapter 2 presents the results of a 2-year investigation on the effect of precipitation on
algal taste and odor (T/O) episodes; an important consequences of ageing with direct
consequences for humans. The study demonstrated that in 2007, a year of low precipitation, land
run off and low flushing rate led to nutrient limiting conditions, favored the proliferation of
cyanobacteria some harmful and the presence of elevated MIB (2-methyl-iso-borneol) in the
drinking water. Sampling year 2008 was characterized by greater precipitation, run off, flushing
rate and nutrient concentrations. Abundance of cyanobacteria was low with low concentrations
of MIB. The reservoir was dominated by the diatom Aulacoseira ambigua.
Chapter 3 presents the results on the use of reservoir sediments as reliable archives for
reservoir ageing. The use of reservoir sediments for the aforementioned purposes is rare owing to
difficulties with sediment dating techniques and different morphological characteristics
compared to natural lakes, and empirical evidence eutrophication indicators may not behave the
same way in reservoir sediments as they do in natural lakes. Despite some temporal differences,
the study demonstrated that reservoir sediments can be used as reliable archives for reservoir
1

ageing. The typical phases of reservoir ageing, trophic upsurge and depression, that occur after
reservoir filling was reflected predominantly in the sediment geochemistry nutrient
concentrations.
Chapter 4 explored the use of the silicified remains of diatoms to determine the potential
relationship between weather patterns and biological activity in the reservoir. This idea was
based on the results of the two year study which demonstrated that Aulacoseira ambigua
responded positively to periods of increased precipitation. Results from this study confirmed the
short term relationship presented in chapter 2 between increased precipitation and the dominance
of the diatom Aulacoseira ambigua. Most of the variance in overall diatom abundance was
significantly explained by July-September precipitation. The study also showed that the diatom
Aulacoseira granulata was negatively correlated to air temperature indicating that it could
potentially serve as a temperature proxy in reservoirs in the south-central US.

2

CHAPTER 1
1.1

INTRODUCTION:
Presence of dams and their associated reservoirs on river systems have become common

place in modern society globally, but their influence on human civilizations have been occurring
since before industrial times. Evidence for this assertion is based on the fact that most of the
world‟s civilizations emerged in or near river valleys (Baxter, 1977). Records of the earliest dam
construction date back to 3000 BC and occurred in northeast Jordan (Schnitter, 1998). Earliest
dams were built for the purposes of irrigation, flood control and water supply and later to provide
sources of energy, navigation, recreation, logging, mining and fish farming (Baxter, 1977;
Schnitter, 1994). Dams varied in types and include embankments, gravity and arch dams
depending on the purpose for which it was constructed (Schnitter, 1994).
Currently, there are over 45,000 large dams (15m high or greater) worldwide with a
capacity to store more than 6500 km3 water (Avakyan et al., 1998) and over 800,000 smaller
dams worldwide (Petts, 1984; McCully, 1996). Storage capacity of the large dams constitutes
approximately 15% of the total annual runoff from rivers globally (Douglas et al., 2000). More
than 50% of the streams in the northern hemisphere are altered by dams which typically remain
in place for decades or even centuries with long term consequences for ecosystems (Nilsson et
al., 2005).
Reservoirs can be defined as lakes created by artificially damming streams or rivers
(Holdren et al., 2001). Three distinct aquatic zones (riverine, transition and lacustrine) develop
along a longitudinal profile in the reservoir (Fig. 1). The riverine zone, as the name suggests,
exhibits characteristics similar to that of a river. It is usually relatively narrow, well mixed and
moves significant quantities of fine suspended particulates (Thornton, 1990; Wetzel, 2001). The

3

lacustrine zone is most similar to a lake ecosystem where thermal stratification develops and
many of the factors relating to phytoplankton production and limitations become germane
(Wetzel, 2001). The transition zone is the zone between the riverine and lacustrine zones. Water
velocity in the transition zone decreases reducing turbidity allowing light to penetrate deeper into
the water column which leads to increased phytoplankton productivity (Wetzel, 2001).
Reservoirs differ greatly from natural lakes in a variety of ways including age, morphology,
location in the drainage basin and hydrological characteristics which make them unique
ecosystems (Baxter, 1977; Cook and Kennedy, 1989; Rydig and Rast, 1989). First, most natural
lakes are perhaps thousands of years old as opposed to most reservoirs which were built within
the last 100 years (Holdren et al., 2001). Second, reservoirs are often long and narrow with
irregular shorelines because they are often formed in flooded river valleys (Holdren et al., 2001).
In areas where the river is confined between high banks with a lot of tributaries the reservoir will
be of a dendritic form (Baxter, 1977). Third, reservoirs receive much of their inflow from a
single large tributary while natural lakes often receive water from small streams and ground
water springs (Holdren et al., 2001). Fourth, in natural lakes, output occurs via unregulated
discharge, while discharge from reservoirs occurs through regulated submerged gates (Cook and
Kennedy, 1989). Fifth, reservoirs often have watersheds that are many times greater than natural
lakes which provide greater quantities of water, sediment and nutrients to the reservoir,
increasing the rate of reservoir ageing (Holdren et al., 2001).

4

1.2

Reservoir Ageing:
Water quality parameters in reservoirs and lakes change over time as the reservoir ages.

These changes are called „ageing‟ (Scharf, 2002). The most important and detrimental
consequences of reservoir ageing are sedimentation and eutrophication (Lemly, 1985; Kimmel
and Groeger, 1986; Thornton, 1990). The extent of sedimentation and the impacts are dependent
on drainage area-to-lake surface area ratios and land use practices in the watershed (Kimmel and
Groeger, 1986; Holz et al., 1997). Once the sediment has been eroded off the landscape,
sediment deposition in the reservoir is depends on factors such as the morphometry, currents and
drawdown within the reservoir (Baxter, 1977). If the lake bottom is low sloping and strong
currents exist along the shore, deposition may occur along the shore forming a braided delta
(Baxter, 1977). Conversely, if the lake bottom is steep and weak currents exist the material will
be deposited in the deeper portions of the reservoir (Coakley et al., 1967). Sediment will also be
deposited upstream of the reservoir if the river gradient is not very steep, which reduces the
rivers‟ capacity to hold water and increases flooding potential at high flows (Baxter, 1977).
Lake management or periods of drought can expose large areas of littoral sediments to wave and
wind action increasing erosion but can also lead to re-deposition of eroded material elsewhere in
the reservoir (sediment focusing; Baxter, 1977; Furey et al., 2006).
Sediment deposition is also dependent on the river load and the type of material carried
by the stream (Baxter, 1977). Reservoirs that exist on streams with high sediment loads,
originating either from sheet erosion of the watershed, self induced stream-bank erosion or
tributary erosion, can alter the morphology of the reservoir (Baxter, 1977). The material carried
by a stream can be divided into relatively coarse material which is pushed or rolled along the
bottom (bed load) and is usually deposited first forming the foreset bed (Baxter, 1977), and the
5

finer suspended material forming bars and spits. The deposited material forms a delta which
further reduces stream velocity causing more material to be deposited on top of the delta forming
the topset bed (Baxter, 1977). The finer grained material is deposited on the leading edge of the
delta as it continues to grow forming the bottomset bed (Baxter, 1977).

1.3

Effects of Sedimentation in Reservoirs:
Sedimentation in reservoirs can have physical, chemical and biological impacts. One of

the physical effects of sedimentation is the force exerted on the dam wall. As sediment
accumulates behind the wall this force increases interfering with the structural integrity of the
dam, which produces a major safety concern for citizens. Recent studies of 10,000 flood control
dams in twenty two states found that about 650 posed a threat to public safety (Stewart and
Grant, 2005).
Of great concern for both ecological and water supply reasons is the reduction of water
storage capacity that occurs with sedimentation. Thirty three percent of midwestern, southeastern
and southwestern reservoirs in the U.S constructed prior to 1953 have lost from a quarter to half
of their original volume (Holtz et al., 1997) while fourteen percent have lost one half to three
quarters of their original volume and approximately ten percent have lost all storage capacity
(Vanoni, 1975).
Sedimentation also leads to increased turbidity and suspended sediment concentrations
(Holz et al., 1997). In watersheds devoted to row crop agriculture suspended sediment
concentrations greater than 1g/L and Secchi depths of less than 3 cm are common (Marzolf,
1990). These turbid environments decrease the photic zone and the photosynthetic activity of
phytoplankton ( Marzolf and Osborne,1972; Grobbelaar, 1989; Kimmel et al.,1990).
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Sedimentation in reservoirs also provides benefits to the aquatic ecosystem (Dojlido and Best,
1993). Sedimentation of organic matter from the water column to the benthos provides an
important link between primary producers and bottom dwelling organisms such as aquatic
insects and crayfish that depend on the organic matter as food source (Holdren et al., 2001).
These, in turn, get consumed by larger fish and other predators transferring energy through the
food web.
From a research and management perspective sediments provide a tool for analyzing
watershed processes (Smol, 2008). Deposited sediment can serve as environmental archives of
watershed land-use, sediment and water quality and pollutant and nutrient loadings (Foster and
Lees, 1999; Menounou and Presley, 2003; Hambright et al., 2004; Van Metre and Mahler, 2004,
2005; Shotbolt et al., 2005).
1.4

Eutrophication:
Eutrophication is defined as the excessive addition of inorganic nutrients, organic matter

and silt to aquatic ecosystems, increasing biologic productivity (Cooke et al. 1993). In order to
discuss eutrophication one must first understand the definition of the word trophic. The term
trophic refers to food (Ricklefs, 2000) and the “food status” of a fresh water system is defined by
the degree of available food. The terms oligotrophic, mesotrophic and eutrophic thus refer to
little food, moderate food and well fed respectively (Weber, 1907). In its original sense,
eutrophication is the natural ageing process of a lake (Ryding and Rast, 1989). During the natural
lifetime of a lake, materials will be carried in from the watershed, accumulate and slowly fill the
lake. The lake will transform into a marsh and ultimately a terrestrial system (Ryding and Rast,
1989). This process usually takes several hundreds or thousands of years, maintains a diverse
biological community and generally has good water quality (Ryding and Rast, 1989). Nutrients
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and biological activity in the lake remain in balance provided that there are no external
perturbations. In regions where perturbations have occurred such as building of reservoirs,
human settlement in the watershed and clearing of forests, for example, natural eutrophication is
dramatically altered (Ryding and Rast, 1989). The rate of runoff from the watershed and the
quality and quantity of materials is greatly accelerated under these conditions (Ryding and Rast,
1982). Increased inputs of nutrients such as nitrogen and phosphorus occurs, h can stimulate the
growth of algae, aquatic plants, fish and other higher trophic level organisms (Ryding and Rast,
1989). Increased nutrients and subsequent response by the aquatic community is called “cultural
eutrophication” for purposes of distinguishing from natural eutrophication (Ryding and Rast,
1989; Carmago et al. 2005).
On a global scale, cultural eutrophication of freshwater ecosystems is considered one of
the most ubiquitous environmental problems responsible for water quality degradation (Harper,
1992; Biggs, 2000; Wetzel, 2001). In 1998, forty four percent of all U.S lakes surveyed, suffered
from excessive nutrients and more than fifty percent with impaired water quality were assessed
to contain excessive nutrients (U.S. EPA, 2000a). These nutrients generally, nitrogen and
phosphorus, usually derive from animal farming, urban and agricultural runoff, industrial wastes
and sewage effluents (Camargo et al. 2005).
Table 1 list the mean and ranges for the trophic classification of lakes. These are based
predominantly on limiting concentrations of nitrogen and phosphorus (Sawyer, 1947; Fruh et al.
1966; Rydig and Rast, 1989). However, elements such as Mo, Fe, Zn and Mn can be limiting as
well and increase phytoplankton productivity rates when available (Goldman and Carter, 1965).
Carlson (1977) developed an index called the trophic state index (TSI) which defined the
relationship between eutrophication and chlorophyll a, total phosphorus (TP) and Secchi
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transparency depth. The model defines as phosphorus inputs increase phytoplankton productivity
increases resulting in increased chlorophyll a concentrations and reduced Secchi depth due to
phytoplankton proliferation (Carlson, 1977). Modifications to the index have been made to
address location specific concerns such as in Floridan lakes (Brezonik, 1984) and temperate
zones (OECD, 1982). Additionally, a trophic index has been developed particularly for
reservoirs (Walker, 1984). It must be noted however; that limitations exist in using fixed values
as overlap will occur. Some water bodies may be classified in one trophic state based on one
parameter and in another based on another parameter (Rydig and Rast, 1989). Despite these
differences, the TSI provides a quantitative assessment of changing lake conditions related to
eutrophication (Carlson, 1977; Rydig and Rast, 1989).

1.5

Phytoplankton Response to Reservoir Ageing:
Phytoplankton is a collective term applied to the microscopic algae and microbes that

float freely in open waters of lakes, reservoirs, oceans and large streams (Wetzel, 2001; Holdren
et al., 2001). In many lakes and reservoirs, phytoplankton provides the primary base of the food
chain and is the essential source of oxygen (Holdren et al., 2001). Although phytoplankton
encompasses nearly all major taxonomic groups, individual phytoplankton groups have specific
physiological requirements and respond differently to perturbations in the physical, chemical and
biological environment (Wetzel, 2001). Characteristics of the individual phytoplankton groups
and their ability to respond to perturbations perhaps determine their responses to reservoir ageing
and explain the phytoplankton community association that emerges during a reservoirs lifetime.
There are many groups of algae that make up the phytoplankton community within a
water body. These are the Cyanophytes, Chlorophytes, Xanphophytes, Chrysophytes,
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Bacillariophytes, Dinophytes, Cryptophytes, Euglenophytes, Phaeophytes and the Rhodophytes
(Wetzel, 2001). For the purposes of this review, emphasis will be placed on the Cyanobacteria
and the Bacillariophytes. The Cyanobacteria (commonly called the blue-green algae) are true
bacteria except that they contain chlorophyll a (Wetzel, 2001). Cyanobacteria can occur
unicellularly, filamentous, and in colonial forms (e.g. Anabaena, Mycrocystis, Lymnothrix,
respectively). Some cyanobacteria can fix nitrogen through the presence of heterocysts and
certain species contain akinetes (non-motile, resistant cells) that can survive periods of harsh
conditions (Adams and Carr, 1981; Wetzel, 2001). Diatoms (Bacillariophytes) are another very
important group of algae (Wetzel, 2001). Their distinguishing character is a silicified cell wall
which allows them to be preserved in sediments long after death (Wetzel, 2001). This
characteristic and the fact that they integrate environmental variation, as they are deposited in the
sediment overtime have allowed diatoms to be used in studies assessing land use change, trophic
state, and pH to name a few (Gaiser, 2000, Heiri et al; 2003, Hausmann et al; 2002, Whitmore
1989).
Any attempt to discuss the changes in the phytoplankton community in response to
reservoir ageing must first examine phytoplankton succession under natural conditions.
Succession is defined as replacement of populations in a habitat through a regular progression to
a stable state (Ricklefs, 2000). A tremendous degree of variation exists in phytoplankton
succession patterns in fresh waters as it relates to geographic location (temperate, polar, alpine,
midwestern and tropical) (Wetzel, 2001). Temperate and arctic lakes undergo eight periods of
succession dominated by specific nutrient regimes and physical water quality conditions (Wetzel,
2001). Briefly, these are midwinter, late winter, spring circulation, initial summer stratification,
summer clear water phase latter summer stratification and fall circulation (Wetzel, 2001).
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Common phytoplankton during these periods in order of arrival includes the chrysophyte,
Dinobryon sp., centric diatoms, Asterionella sp., Fragillaria sp. and green algae (Wetzel, 2001).
The successional sequence in tropical lakes is essentially the same as temperate lakes except that
more episodes occur per year (Wetzel, 2001). High nutrient regeneration rates occur as a result
of high temperatures; variable mixing and intrusions into the metalimnion during the stratified
period disturb and reset phytoplankton succession.
In Midwestern U.S. lakes the annual succession of phytoplankton communities begins in
the winter with diatoms which are more tolerant to cooler conditions. Common diatoms include
Asterionella sp., Aulocoseira sp., Diatoma sp., and Synedra sp. (Pascual and Tidesco, 2004). As
the temperature increases and the concentration of silica decreases, the diatom concentration will
decrease in favor of green algae which have a faster reproductive rate than diatoms (Kilham,
1971). Common green algae are Actinastrum sp., Chlamydomonas sp., Closterium sp.,
Coelastrum sp., Pediastrum sp., and Scenedesmus sp. (Pascual and Tedesco, 2004). Increasing
temperatures in combination with limited nitrogen and thermal lake stratification will lead to the
dominance of the (cyanobacteria). Cyanobacterial genera such as Anabaena, Aphanizomenon,
Cylindrospermopsis, Merismopedia, Microcystis., and Pseudanabaena can become dominant
(Pascual and Tidesco, 2004). As fall approaches and temperatures begin dropping the diatoms
along with various groups such as cryptomonads and dinoflagellates and green algae will again
assert dominance (Reynolds, 2006).
Phytoplankton response to reservoir ageing usually follows two distinct stages called
trophic upsurge and trophic depression, respectively (Baranov, 1961). Trophic upsurge occurs
following reservoir filling, can last from 5-20 years and is characterized by high levels of
nutrients and biological productivity as measured by chlorophyll a concentrations (Kimmel et al.,
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1990). Cyanobacteria tend to dominate the lake biota during this period of high nutrient inputs
provided that turbidity impacts are minimal (Reynolds, 1984, Cuker, 1987, Holtz et al. 1997).
Common phytoplankton found during the trophic upsurge phase include Anabaena.,
Aphanizomen flos-aquae., Microcystis aeruginosa and Oscillatoria (Holtz et al. 1997). Once
nutrient inputs have stabilized the reservoir then enter a stage of trophic depression characterized
by reduced productivity ranging from 3-30 years. This stage is also dependent on watershed
activity in that perturbations may lead to increased nutrient inputs engendering new episodes of
trophic upsurge (Ostrofsky and Duthie, 1980; Holtz et al, 1997). If the lake achieves oligotrophy
after watershed stabilization, the dominant algal community will include chlorophyte,
bacillarophyte and dinophyte. Common genera include but not limited to Cyclotella, Peridinium
and Botryococcocus (Hutchinson, 1967). If the lake becomes mesotrophic or eutrophic, dominant
algae may include dinophytes (Glenodinium), bacillarophytes (Asterionella, Fragillaria) and
cyanophytes Microcystis and Anabaena (Hutchinson, 1967).
The model of phytoplankton community response to reservoir ageing (i.e trophic upsurge
and depression) has been supported by a number of studies (Helzer, 1971; Hergenrader, 1980a,
b; Hergenrader and Lessig 1980). However, studies have also shown that other environmental
variables such as sedimentation can be a primary determinant of the phytoplankton community
in terms of the relative abundance and species composition of the reservoir (Holtz et al. 1997).
1.6

Effects of Eutrophication:
One of the most visible effects of cultural eutrophication is the increase in biological

productivity, resulting in excessive algal growth (blooms) (Rydig and Rast, 1989). Excessive
algal growth result in increased turbidity and color, formation of algal scum and matts, taste and
odor production, clogging of water filters, oxygen depletion of hypolimnion and epilimnion at
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night, reduction in aesthetic quality, and production of toxins sometimes fatal to humans (Fruh,
1967; E.P.A, 2005). The increase in turbidity results from the increase in physical abundance of
plankton biomass, while increases in color results from algal exudates or sloppy feeding by
zooplankton. Taste and odor production results from cyanobacterial production of odorants,
which impart foul tastes and odors and reduces the public‟s confidence in the safety of the water
(Watson, 2004). Two of the most common odorants are Geosmin and 2-methyl-isoborneol (MIB)
although a wide variety of other compounds exists (Mallevialle and Suffet, 1987). Removal of
taste and odor compounds is very expensive and conventional techniques such as filtration and
coagulation have been marginally successful (Walker et al., 1989). Clogging of water filters is
due primarily to large filamentous algae which cause shorter filter runs, effectively reducing the
efficiency of filters and increasing operational costs (Fruh, 1967).
Ecological consequences of excessive algal growth include oxygen depletion of
hypolimnion. Bacterially mediated decay of dead and sinking algae often reduces oxygen
concentration in bottom waters to levels too low to support fisheries, often resulting in fish kills
(Rydig and Rast, 1989). Lowering of oxygen concentrations as a consequence of eutrophication
is so severe; the term dead zone is often applied to regions of aquatic ecosystems symptomatic of
this problem (Rabalais et al., 1996). Low oxygen concentrations can also result in excessive
levels of iron and manganese in the reservoir bottom waters which can interfere with the water
treatment process (Rydig and Rast, 1989).
Another consequence of cultural eutrophication is the enhancement of conditions
conducive to the proliferation of parasitic diseases (schistosomiasis, onchoccerchiasis and
malaria) and presence of human toxins in the water (Rydig and Rast, 1989; Carmichael et al.,
2001, Lafferty and Holt, 2003). Ecological theory and field studies suggest that eutrophication
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will enhance the risk of human and wildlife parasite infection (Laferty and Holt, 2003; Johnson
and Carpenter, 2007; Mackenzie and Townsend, 2007). An example of such a case was observed
in a study undertaken by Johnson et al. (2007) to specifically link eutrophication with increased
infection risk. In Johnson 2007, the trematode parasite Ribeiroia ondatre, which sequentially
infects birds, snails and amphibian larvae causing limb deformities and mortality, was
investigated. Results showed that eutrophication promoted parasite infection and amphibian
mortality rates through two distinct but complimentary mechanisms (Johnson et al., 2007). First,
increased nutrients led to an increase in primary production of periphyton which enhanced the
growth and reproduction of the herbivorous snail. Increase in the snail abundance inadvertently
increases the first intermediate host for the parasite which in turn leads to an increase in the
density and prevalence of the infected snails (Johnson et al., 2007). Infected snails that were in
eutrophic environments doubled their individual production of the larval stage of the parasitic
flatworm as opposed to infected snails in low nutrient conditions.
Presence of toxins in the water supply is of major concern for drinking-water utilities and
water quality managers worldwide. A study carried out in the U.S and Canada involving over
600 raw and treated water samples showed that 82% of the samples tested positive for
cyanobacterial hepatotoxin (Christensen et al., 2006). Cyanobacterial growth is often a
consequence of eutrophication and genera such as Anabaena sp., Mycrocystis sp. and
Oscillatoria sp. are potential producers of neuro and hepato-toxins (Chorus and Batram, 1999;
Watson, 2003). Swimmers in water containing cyanotoxins have suffered from fever, sore throat,
headache and diarrhea (Pilotto et al., 1997). Ingestion of mycrocystin, a hepatotoxin, caused a
mass cattle kill in the Swiss Alps (Mez et al., 1997) and 139 humans in Brazil (Carmichael,
2001).

14

1.7

Controlling Eutrophication:
Developing an effective strategy for controlling eutrophication must be based on

treatment of the causative factor which in most cases is excessive nutrients from the watershed,
primarily phosphorus (Rydig and Rast, 1989). This entails first determining the source and then
comparing the available techniques with the goals at hand. Lake nutrient control techniques
focus on two major aspects; controlling the external load, and in-lake control. This requires the
development of eutrophication models, which include hydrological, and phosphorus budgets,
calculation of average phosphorus concentrations, predicting lake water quality, model
verification and forecasting of alternative scenarios (Holdren et al., 2001). According to
(Holdren et al., 2001), the reservoir and its watershed are inseparably linked and that any
problem in the reservoir is a symptom of poor watershed management. Therefore, management
of the lake and its watershed is the only way to develop cost effective control of reservoir ageing.
The management practice to be implemented in the watershed is directly dependent on
the predominant land use activity and by default the source of excessive nutrients in the
watershed. As a result, eutrophication control techniques will be different for different land use
activities in the watershed. Table 2 summarizes some of the best management practices (BMP)
used to control nutrient and sediment problems in lakes. The BMPs outlined in Table 2 are aimed
at dealing with non-point sources of nutrients, i.e. nutrients that do not originate from a single
source (Holdren et al., 2001).
The management practices for point sources, i.e. nutrients emanating from a single
identifiable source such as a waste water treatment plant will be based on removing the nutrients
before releasing the effluents into the reservoir. In the case of phosphorus, it can be eliminated
by chemical precipitation during the wastewater treatment process (Rydig and Rast, 1989). Using
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either aluminum or iron salts or lime the phosphates can be reduced to about 1mg/L (Benndorf
and Putz, 1983; Rydig and Rast, 1989).
Another level of nutrient control involves treatment of the tributary waters before
deposition in the main reservoir (Rydig and Rast, 1989). One of the mechanisms for treatment is
pre-reservoirs, small reservoirs, with a water-retention time of a few days (Pütz, 1998). These
reservoirs, normally situated above the main reservoir were realized to remove nutrients based on
investigations on existing pre-reservoirs in Germany, Denmark and Czechoslovakia (Klapper
1957; Beuschold 1966; Wilhelmus et al., 1978; Fischer 1980; Nyholm et al., 1978; Fiala and
Vasata, 1982). The removal strategy is based on the conversion of nutrients from inorganic to
particulate form – an increase in algal biomass (Pütz, 1998). The algae then die and become
incorporated in the sediments of the pre-reservoir thereby decreasing the effluent phosphorus
concentration. Another way in which the pre-reservoir contributes to the removal of phosphorus
is through reduction of the water velocity allowing adsorbed phosphorus to settle out of the water
column (Rydig and Rast, 1989). Pre-reservoir phosphorus removal as high as 96% has been
reported (Štépánek, 1980).
Influent tributary waters can also be physically and chemically treated for the removal of
nutrients before reaching the reservoir (Rydig and Rast, 1989). An example of this approach
which utilizes filtration and flocculation occurs in the Wahnbach Reservoir (Benndorf and Putz,
1983). Phosphorus is precipitated using Ferric (3+) iron and the filtering mechanism consists of
three layers of varying granulations and densities (Benndorf and Putz, 1983). Benndorf and Putz
(1983) report that 95-99% of influent phosphorus have been removed by the system.
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1.8

In lake Control

Similar in focus to that of the external controls of eutrophication, in that reducing
phosphorus is the key, in-lake control of eutrophication hinges on reducing the phosphorus
concentration within the lake. There are a variety of techniques used but these can be broadly
classified into physical, chemical and biological control techniques (Holdren et al., 2001).
Control techniques, modes of operation and disadvantages and advantages are summarized in
Table 3. While the ultimate goal is the reduction of phosphorus and algal growth, the approaches
are different. Physical mechanisms, for example, are aimed at disrupting algal growth and
reducing phosphorus concentrations by aerating bottom sediments, removal of sediments and
preventing stratification (Table 3). Biological control mechanisms are aimed at directly
disrupting algal biomass by increasing predator grazing and reducing light and nutrient
availability (Table 3). Chemical techniques as the name suggests, relies on the use of chemicals
such as iron, calcium and aluminum to precipitate phosphorus out of the water column but these
can be problematic based on the pH of the system (Rydig and Rast, 1989)
Another remediation activity that has been undertaken to deal with reservoir ageing,
particularly sedimentation, is the actual removal of dams on waterways. While the ecological
effects of the removal are not well understood and may vary with individual dams, there are a
variety of economic and safety reasons associated with the removal (Shuman, 1995; Bednarek,
2001; Velinsky et al. 2006). The National Inventory of Dams (NID) states that of the more than
77,000 listed, 28% have exceeded their 50 year life span and that number will increase to 70%
by 2020 (NID, 2000). Since 1912, more than 450 small dams have been removed from
waterways in the U.S, because they can no longer support the purpose for which they were
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created (Stuart and Gordon, 2005). Unfortunately, very few studies on stream-water chemistry
have been undertaken after removal of these dams (Velinsky et al., 2006).
1.9
Application of Paleolimnology in understanding reservoir ageing at Beaver
Reservoir:
Beaver Reservoir (BR) experienced episodic outbreaks of taste and odor (T/O)
compounds dating back to 2000. Beaver Water District (BWD) identified methylisoborneol
(MIB) and Geosmin (GSM) as the causative compounds but a comprehensive assessment of the
WQ and environmental conditions conducive the outbreaks had not been done. Questions
persisted as to whether the source of MIB was algal or fungal or from submerged rotting
vegetation in the lake. Cursory analysis of the data suggested that precipitation may be
influencing the taste and odor (T/O) outbreaks at the lake. Additionally, the NWA region was
experiencing tremendous growth and the long term sustainability of water quality became an
issue of major concern. This study was undertaken to address the T/O episodes, reservoir ageing
and the effect if any of the increasing population on water quality.
This dissertation research approached developing a comprehensive understanding of
reservoir ageing at BR using a three pronged strategy. The first involved assessing the water
quality (WQ), MIB and the algal assemblage during years of drought and increased precipitation.
Secondly, the study employed a paleogeochemical study assessing the sediment geochemistry
throughout the lifetime of the lake. In the final phase, we assessed the paleobiology using the
silicified biological remains of diatoms in the sediment. The paleobiological approach was based
on research described by Paterson et al. (2004) to assess T/O issues in oligotrophic lakes in
Ontario, Canada. The research demonstrated that the T/O episodes were caused by Synura
petersenii. Interestingly, statistical analysis showed no significant correlation between
eutrophication parameters and percentage abundance increase in Synura (Smol, 2002). Because
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of the scales left in the sediments by Synura (Smol, 2002), Paterson and his team showed that
Synura had infested every lake over the last 150 yrs, with the increase commencing about 60 –
80 years ago. In reservoirs in Spain the remains of Bosmina were used to reconstruct
eutrophication (Prat and Daroca, 1983). The initial phase characterized by highly enriched water
had high abundance of Bosmina remains. When nutrient inputs to the reservoir were low the
upper part of the sediment completely lacked Bosminia remains (Prat and Daroca, 1983). These
two studies are a part of several studies that have utilized paleolimnological techniques to
understand environmental change.
Analysis conducted by Paterson et al. (2004), highlight the significance of the paleolimnological
approach and its applicability to the BR study. Similar to the lakes in Ontario, Beaver Reservoir
is also oligotrophic at the lacustrine zone, and does not show a strong correlation to
eutrophication parameters. The paleolimnological approach was used to determine when the T/O
episodes first began, the causative organism and the watershed dynamics occurring at that time.
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Figure 1: Generalized zones along longitudinal gradients in reservoirs reproduced from Wetzel
2001.

DAM
RIVERINE

TRANSITION LACUSTRINE

20

21

8
3.0 - 17.7
21

661
307-1630
11

1.7
0.3 - 4.5
22

4.2
1.3 - 10.6
16

9.9
5.4 - 28.3
13

Total Nitrogen (μg / L)
Mean
Range
N

Chlorophyl a (μg / L)
Mean
Range
N

Chlorophyl a maxima (μg / L)
(worst case)
Mean
Range
N

Secchi transparency depth (m)
Mean
Range
N

Oligotrophic

Mean
Range
N

Total Phosphorus (μg / L)

Parameter (annual mean values)

4.2
1.5-8.1
20

16.1
4.9-49.5
12

4.7
3.0 - 11.0
16

753
361 - 1387
8

26.7
10.9 - 95.6
19

Mesotrophic

Table 1.0: General trophic classification of lakes and reservoirs. Recreated from Wetzel, 2001

2.45
0.8 - 7.0
70

42.6
9.5 - 275
46

14.3
3.0 - 78.0
70

1875
393 - 6100
37

84.4
16-386
71

Eutrophic

Table 1.1: Best Management Practice and the problem controlled for various land use activities.
Recreated from Holdren et al., 2001.

Watershed Land Use

Problem Controlled
Nutrient

Sediment

*

*

Agriculture
Animal Waste Management
Conservation Tillage

*

Contour farming

*

Contour strip-cropping

*

Crop Rotation

*

*

Fertilizer Management

*

Integrated Pest Management

*

LivesOMk Exclusion

*

*

Range & Pasture
management

*

*

Terraces

*

Urban
Flood Storage

*

*

Porous Pavement

*

*

Street cleaning

*

Forestry
Ground cover management

*

Pesticide/Herbicde
management

*

Riparian Zone Management

*

*
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Table1.2: Mechanisms and actions for the control of eutrophication.
Control Mechanism
Aeration/Oxygenation

Circulation/destratification
Dilution/flushing

Drawdown

Dredging

Algaecides

Nutrient inactivation

Sediment Oxidation

Herbivorous fish

Mode of Action
Addition of air at varying
depths, creates oxic
conditions
Use water or air to keep
water moving

Advantages
Promotes binding and
sedimentation P

Addition of water of
better quality

Reduces nutrient
concentrations

Disrupt algal growth

Disadvantages
Supersaturation of gases
harmful to fish, disrupt
thermal layers
Increase O 2 demand at
depth.
Diverts water from other uses

Downstream impacts
Promotes compaction of Reduce nutrients, control Affect wetlands, reptiles and
sediments
rooted plants
amphibians alter downstream
flows
Physical removal of
Reduces nutrients,
Removes benthic
sediments
controls algae
invertebrates
CHEMICAL CONTROLS
Liquid or pellets, kills by Rapidly eliminates algae Toxic, water use restricted
direct contact or
from water column
after application
metabolic interference
Al, Ca, Fe salts added to Reduces P
Fish toxicity, fluctuations in
lake, binds and
concentration, minimizes water chemistry
precipitates P
release from sediments
Addition of oxidants and Reduce P supply,
Affect benthic biota
binders oxidizes sediments decrease sediment
oxygen demand
BIOLOGICAL CONTROLS
Stock fish that eat
Converts plankton to
Short term effects
plankton
harvestable fish, grazing
pressure controlled by
adjusting stocking rate
Non-native species

Herbivorous zooplankton

Promote grazing by
zooplankton

Non-native species may Variable response
not be needed

Converts algae to
harvestable fish
Removal of bottom feeders Bottom dwellers removed Improves turbidity,
reduces nutrient release
Plantings
Uptake of nutrients and Reduces available
light limitation
nutrient and cause
shading

Careful monitoring
Species can be difficult to
eradicate or control
Recreational nuisance,
ecological changes
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CHAPTER 2
INFLUENCE
RESERVOIR
2.1

OF PRECIPITATION ON ALGAL TASTE AND ODOR PRODUCTION AT

BEAVER

ABSTRACT
The role of weather in structuring phytoplankton communities is scientifically well

documented. Numerous studies have linked cyanobacterial proliferation to the persistence of
weather patterns (drought and high temperature). In this study, we examined the effect of
precipitation (both quantity and chemistry) and river discharge on cyanobacterial proliferation
and the production of the taste- and- odor compounds 2-Methyl-isoborneol (MIB) in a Northwest
Arkansas drinking water reservoir. From May 2007 to November 2008, water samples were
collected from the transition zone of the reservoir, assessed for nutrients, MIB, physical water
quality parameters (temperature, dissolved oxygen, conductivity), algal community composition
and absolute abundance, and compared with precipitation records. Because the MIB problem
historically occurred during summer, we compared mean summer precipitation with mean
summer MIB production from 2000 to 2008.
(1) Results show that the 2007 summer drought was twice as long as in 2008 and that river
discharge at the reservoir inflow was significantly less (n = 27, p = 0.04).
(2) Observed total nitrogen concentration was significantly lower in 2007 relative to the wetter
2008 summer (n = 25, p < 0.001). At the end of the 2007 summer drought, the TN:TP ratio
fell below the critical value of 30, which corresponded to dominance the cyanobacteria
Cylindrospermopsis racioborski and Rhaphidiopsis curvata within the algal community
and an MIB peak concentration of 145 ng l-1.
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(3) However in 2008, the TN:TP remained above 30, the diatoms Synedra ulna and
Aulacoseira ambigua dominated the algal community and the average MIB concentration
was only 2.5 ng l-1.
(4) Finally, from 2000 to 2008 the average summer MIB was negatively correlated to average
summer precipitation (r = -0.56, n = 9, p < 0.01). Our results suggest that during years of
low precipitation, TN inputs are reduced, producing nutrient limiting conditions and
modifying the algal community to favor cyanobacterial proliferation and MIB at the
transition zone.
Keywords: MIB, cyanobacteria, reservoirs, diatoms, taste and odor, precipitation
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2.2

INTRODUCTION
Nutrient enrichment associated with human activity (urban, agricultural and industrial

development) coupled with climate change favors periodic proliferation and dominance by
cyanobacteria (Huisman et al., 2005; Fogg, 1969). As a result, toxic cyanobacterial blooms are
expected to increase worldwide as populations increase and the climate warms, posing a major
threat to drinking and irrigation, water supplies as well as fishing and recreational use of surface
waters (Paerl and Huisman, 2009). Protecting water quality from cyanobacterial outbreaks has
become a major issue of concern for drinking water providers, citizens and other stakeholders in
response to this increased human pressure (Paerl and Scott, 2010).
Taste and odor (T/O) episodes linked to biological production of the bicyclic terpenoid
compounds 2-methyl-isoborneol (MIB) and Geosmin (GSM) continue to be pervasive problems
in drinking water reservoirs throughout the world (Cook et al., 2001; Smith et al., 2002; Huang et
al., 2006). Beaver Reservoir in NW Arkansas, USA, is the primary drinking water supply for
approximately 350,000 customers (www.bwdh2o.org). The reservoir experiences almost annual
T/O episodes at the end of the summer dry period (late August, early September). From a water
management perspective, the presence of T/O compounds indicates the potential for harmful
algal blooms (HAB‟s) and cyanotoxins (Carmichael et al., 2001; Graham et al., 2009).
Furthermore, conventional treatment methods such as ozonation, flocculation, and activated
carbon are costly and only marginally successful at reducing T/O contamination in drinking
water (Walker et al., 1989). Therefore, understanding the environmental conditions which favor
the production of T/O compounds is necessary so that effective source water protection strategies
can be developed and adopted.
Production of T/O compounds may be caused by algal scenescence or allelopathy, but to
date, the actual mechanisms remain unclear (Graham et al., 2008). In most aquatic ecosystems,
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cyanobacteria and/or actinomycetes (soil bacteria) are usually responsible for T/O production
(Suffet et al., 1999). Cyanobacteria are favored when the ratio of N:P is < 30 and nutrients are
growth limiting (Mortensen et al., 1992); during periods of low inorganic carbon (Shapiro, 1997)
or light availability (Phlips et al., 1997); and when the composition and abundance of
zooplankton is favorable (Carpenter and Kitchell, 1993).
In addition, weather patterns play a role in structuring the phytoplankton community by
creating conditions favorabl

C, inferring a competitive advantage for cyanobacteria over other algal groups
during summer (Robarts and Zahary, 1987; Coles and Jones, 2000; Elliott et al., 2006; Jöhnk et
al., 2008).
Strong vertical stratification that stabilizes the water column also favors buoyancyregulating cyanobacteria which can form surface scums (Paerl and Huisman, 2009).
Cyanobacterial scum at the surface causes light limitation for other algae without the ability to
regulate their bouyancy (Huisman et al., 2004). Buoyancy-regulation also allows daily vertical
migration to access nutrients originating in the hypolimnion (Kromkamp and Walsby, 1990;
Visser et al., 1995, 1997).
During the 1998 drought in north-east Brazil, reduced water volume, increased water
column stability and long water retention times were linked to the dominance of
Cylindrospermopsis raciborskii (WOLOSZYNSKA) SEENAYYA

ET

SUBBA RAJU (Bouvy et al.,

2000). Mycrocystis aeruginosa (KÜTZING) KÜTZING BREMERTON bloomed during summer
drought periods in the Nakdong River, South Korea (Jeong et al., 2003).
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Why might cyanobacteria be favored in surface-water reservoirs during summer low flow
conditions? Nitrogen and phosphorous limiting conditions can be more severe during periods of
low precipitation than during periods of high precipitation (Vanni et al., 2006). For example,
Scott et al. (2008) reported that the nitrogen loading rate, which was controlled by stream flow,
was negatively correlated with cyanobacterial N2 fixation in a Texas reservoir. Based on these
results, the authors suggested that reduced inflows increased the likelihood of N 2-fixing
cyanobacteria in reservoirs (Scott et al., 2008). Additionally, reservoir transition zones are
biogeochemical “hot spots” that favor cyanobacterial proliferation (Scott et al. 2009).
Collectively, these studies suggest that drought conditions may favor cyanobacteria, and
cyanobacterial abundance increases the likelihood of T/O water quality problems. However, no
studies to our knowledge have demonstrated the link between climate patterns (specifically
precipitation? But you just stated the Scott et al 2009 showed correlation to drought which is a
study of precipitation) and T/O production.
In this study we investigated the relationship between T/O episodes and weather conditions
at two different time scales. We evaluated long-term data on MIB concentrations and compared
those data with summer weather conditions. We also conducted a short-term study where we
sampled the physical, chemical, and biological characteristics of a reservoir over 2 years that
represented relatively hot/dry versus relatively cool/wet summer conditions. We hypothesized
that summer drought conditions favor T/O producing cyanobacteria via decreased inflow to the
reservoir, which strengthens vertical stratification and shifts nutrient supply to internal sources.
We attempted to elucidate this potential link by addressing the following questions: First, does a
relationship exist between summer precipitation patterns and summer MIB concentrations?
Second, how does inter-annual variation in hot/dry versus cool/wet regimes affect the physical
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and chemical conditions of a reservoir? Third, does a relationship exist between weather-induced
physical and chemical properties and cyanobacterial abundance?
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2.2

SITE DESCRIPTION

Beaver Reservoir is a large, multipurpose reservoir located in the Upper White River Basin
in Northwest Arkansas (NWA; Fig. 1). The reservoir was built in 1963 for flood control,
hydropower generation, recreation, and is a source of drinking water for over 350,000 customers.
The reservoir is monomictic, with an average depth of 18 m and average retention time is 1.5
years (National Eutrophication Survey, 1977). Thermal stratification usually begins in May and
complete mixing occurs in the transition zone between October and November (Fig. 3a and b).
The main inflows to the reservoir are the White River, Richland Creek, Brush Creek, and War
Eagle Creek (Green 1996; Haggard and Green, 2002; Galloway and Green, 2006). The reservoir
also receives inflow from several smaller tributaries, some of which carry treated wastewater
effluent. The basin drainage area is 3,087 km2 with 57% being forest, 32% agriculture, and 5%
urban (Galloway and Green, 2007). The reservoir is a humid subtropical climate zone, with
average summer temperatures of 28.2 oC. The 30 year annual mean temperature was 20oC and
mean annual precipitation was 1169 mm with 41 % of precipitation falling from March to June
(NOAA, 2009).
2.3

Methods

Long-term MIB and Weather Data
Long-term observations of MIB concentrations (2000 – 2008) at the TZ were provided by the
Beaver Water District (BWD), Lowell, Arkansas. Briefly, samples for MIB analysis were
collected monthly from June to October in 2000 – 2008 at the TZ. During 2007 and 2008 water
quality samples were collected monthly from May-June, then biweekly if MIB was detected.
Sampling continued biweekly until MIB was no longer detected (detection < 5 ng l-1). Samples
were collected at the intake structure located in the reservoir TZ. Sample depths ranged from 2 to
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6 m with an average depth of 4.5 m. Weather data (temperature and precipitation) for 2000 –
2008 were obtained from NOAA and the USGS.
Short-term study
A water quality sampling protocol was devised to determine if cyanobacterial abundance was
correlated with MIB concentration. Water-quality samples were collected, at least monthly, from
March 2007 to November 2008 from the White River, War Eagle Creek and the TZ in Beaver
Reservoir. Water temperature, conductivity, pH, total dissolved solids, and phycocyanin
concentrations were measured at 1 m intervals using Hydrolab DS5X (HACH ®) multi parameter
data sonde. Nutrients, MIB, and phytoplankton samples were collected at the water depth of
greatest phycocyanin concentrations, which ranged from about 2 to 6 m. All samples for
phytoplankton identification and abundance analysis were preserved with 4% formaldehyde
solution at collection. On arrival at the lab, 500 ml of preserved phytoplankton sample was
placed in 1 L graduated cylinder, covered and allowed to settle for one week. The abundance of
organisms was determined by adding an aliquot of a known concentration of microspheres with a
diameter of 6 µm (Battarbee and Keen, 1982) and ratio of species to spheres determined using a
Leica DM 2500 differential interference contrast microscope at 40 and 100X. Algal identification
to species level was made using the taxonomic references of Prescott (1954) and Lund and Lund
(1995). Inorganic and total nutrient concentrations were analyzed according to standard methods
(APHA, 2005). Samples for MIB and GSM analysis were collected in 40 ml dark glass vials with
no head space and analyzed by online SPME GC/MS/MS according to Standard Methods 6040D
(APHA, 2005).
Atmospheric Deposition of N
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The influence of atmospheric N on the total load to the TZ was assessed using data from the
National Atmospheric Data Program (NADP), USGS and report by Boss (2004). Nitrogen
deposition values were used from Fayetteville (site AR27) and N load used for the WR and WE
creek from (Bolyard et al. 2010). Water area from the intake structure to highway 412 bridge for
the WR and the riverine sections of the WE was reported in Boss (2004). N demand was
calculated based on the Redfield‟s Ratio to determine the atmospheric contribution to the overall
phytoplankton N requirements at the TZ.
Statistical analysis
Statistical analyses were performed using SYSTAT ® 12.0 package. Statistical significance
was set at p < 0.05. Water quality data was tested for significant differences for 2007 and 2008
using One-way ANOVA (Sokal and Rohlf, 1995). The relation between cyanobacterial
abundance, MIB and environmental variables were assessed using regression analysis.
Additionally, we used canonical correspondence analysis (CCA; ter Braak 1995) with a Monte
Carlo permutation test to determine which variables significantly explained the variance of algal
community.
2.4

RESULTS

Long-term MIB occurrence and relation to precipitation
Analysis of data collected by the BWD from 2000 to 2008 showed that T/O episodes occur
between July and November with maximum concentrations towards the end of August and early
September (Fig. 2). Additionally, a strong negative correlation (n = 9, r = -0.56, p < 0.01) existed
between the average summer MIB concentration and average summer rainfall (Fig. 3) between
2000 and 2008. Maximum average summer precipitation of 500 mm occurred during 2008 and
corresponded to average summer MIB of 3 ng l-1. However, the minimum average summer
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precipitation for the same period was 150 mm in 2002 which corresponded to average summer
MIB of 30 ng l-1. Throughout the study period, the highest MIB concentration recorded was 240
ng l-1 in 2002 (Table. 1).
4.2 Weather conditions and Lake Water Column Structure
Total precipitation in 2007 was 980 mm (www.noaa.gov) and the average river discharge
was 183 cfs compared to 1250 mm and discharge of 531 cfs in 2008 (Table 2). Both precipitation
(n = 27, p < 0.01) and river discharge (n = 27, p = 0.04) were significantly lower during summer
2007 relative to 2008. Based on NOAA 30-yr averages, NWA typically experiences a summer
dry period from July to August. In 2007 the dry period, which lasted from July to August was
consistent with the 30 yr trend (Fig. 4a). However, in 2008 the dry period only lasted during July
(Fig. 4b).
4.3. Water Quality
In 2007, when weather conditions were relatively dry, average NO 3, TN, TN:TP were all
significantly lower (n = 27, p < 0.01) compared to the wetter year 2008 (Table 2). Variations in
the concentrations were similar with values generally being higher in the spring and fall and
lowest during the summer for both years. The mean ammonia concentration was similar between
years but maximum value of 640 μg l-1 was at least three times greater in 2007 than in 2008
(Table 2, Fig. 5). Mean NO3 concentration was approximately seven times lower in 2007 relative
to 2008 and values were at their lowest during summer (Table 2, Fig. 6). Similar to NO3, TN
values were higher in the spring and fall and lowest in the summer for both years (Fig. 7). The
average TN in 2008 was three times greater than 2007. Minimum TN in 2008 was about 241 μg
l-1 compared to 26 μg l-1 in 2007 (Table 2, Fig. 7). TP was the only variable whereby summer
2007 concentrations were greater than summer 2008 concentrations (Fig. 8a).
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Annual deposited NO3 based on 40 samples ranged from 0.79 kg ha -1 to 9.17 kg ha-1 in
2008 and from 1.33 kg ha-1 to 2.003 kg ha-1 in 2007. Ammonia deposition for 2008 ranged from
0.45 kg ha-1 to 1.60 kg ha-1 and 0.50 kg ha-1 to 0.86 kg ha-1 in 2007. Estimated atmospheric
deposition on the pool was 19,230 kg N in 2007 and 24,684 kg N in 2008. N load from the WR
and WE combined was 1.06 x 106 kg N in 2007 and 2.1 x 106 kg N in 2008 (Bolyard, 2010).
Atmospheric deposition thus accounted for 1.8 % and 1.2 % of the total nitrogen load in 2007
and 2008 respectively and less than 1% of the phytoplankton N demand.
Maximum TP concentration of 46 µg l-1 was measured in September 2007 and 48 µg l-1
in May 2008 (Fig. 8a). Mean TP concentrations were 14 µg l-1 in 2007 and 19 µg l-1 in 2008
(Table 2). TP was significantly correlated to cyanobacterial abundance (n = 24, p = 0.05, r2 =
0.27) and explained 27 % of the variation in 2007 (Fig. 8b). The 2007 concentrations of TN and
TP were not significantly correlated to discharge (n = 24, r = 0.36, p = 0.16; n = 24, r = 0.22, p =
0.34). During the wetter year 2008, both TN and TP were positively significantly correlated to
discharge (n = 9, r = 0.65, p = 0.04; n = 9, r = 0.75, p = 0.01). The mean Secchi depth and
conductance were significantly higher (n = 27, p < 0.001) in 2007 relative to 2008 (Table 2).
Algal biomass, community composition and Nutrients
Average algal abundance in 2007 was 1,488 cells ml-1 and 1,757 cells ml-1 in 2008. While
the abundance did not change significantly, community composition changed from
cyanobacterial dominance in 2007 to diatom dominance in 2008. The diatom abundance
appeared to vary with the Si:TP ratio (Fig. 9). When the Si:TP ratio fell to its lowest values of 14
and 17 (August and September, 2007), diatom abundance fell to 38% and 8%, respectively (Fig.
9). Throughout most of 2007, the algal community was dominated by diatoms Synedra ulna
(KÜTZING) VAN HEURCK and Fragilaria crotonensis KITTON. F. crotonensis occurred between
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50 to 90%, mainly during early summer, while S. ulna ranged from 80% in early July to being
absent at the end of September and up to 40% in October (Fig. 10). During summer 2008, the
average Si:TP ratio was significantly greater than that of 2007 (Table 1) and the diatom
abundance remained above 50% in 6 out of 9 samples (Fig. 11). The algal community was
dominated by the diatom Aulacoseira ambigua (EHRENBERG) SIMONSEN and S. ulna (Fig. 12).
During 2007, cyanobacterial abundance varied with the TN:TP ratio which ranged from a
high of 80 in May to a low of 3 in September, (Table 2, Fig. 12a). From May to the beginning of
August, the TN:TP ratio remained above 30 and cyanobacteria were generally absent. Less than
1% of the cyanobacterium Oscillatoria tenuis was present at the end of June and was not
observed throughout the rest of the sampling period. At the beginning of July 2007, the
cyanobacteria population rose to about 20% despite the fact that the ratio was above 30 (Fig. 12).
The ratio dropped below 30 from the beginning of August to mid-September (Fig. 12). The
cyanobacterial population was dominated by Cylindrospermopsis raciborskii and Rhaphidiopsis
curvata (FRITSCH AND RICH), which accounted for 25% to 80% of the algal community at the
end of the dry period. Increases in the TN:TP above 30 in October corresponded with a decrease
in cyanobacterial abundance, but overall abundance remained above 40% (Fig. 12a).
During the wet year 2008, the TN:TP ratio was generally above 30 and the cyanobacterial
population was absent, except in May and August (Fig. 12b). Rhaphidiopsis curvata and
Cylindrospermopsis raciborskii accounted for 17% and 3% of the algal population, respectively.
The population then declined to undetectable levels in throughout the rest of the sampling period
(Fig. 12b).
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Cyanobacteria and MIB
The presence and absence of MIB in 2007 and 2008, respectively, coincided with
cyanobacterial abundance (Fig. 13), but the relationship between abundance and concentration
was not statistically significant (n = 8, r = 0.55, p = 0.17). The initial occurrence and peak of
MIB in 2007 of 145 ng l-1 in August coincided with a decrease in cyanobacterial abundance from
about 23% to 12% (Fig. 13a). The low abundance of Oscillatoria tenuis, a known taste-and-odor
producer, does suggest benthic cyanobacterial MIB production in shallow areas washed into the
TZ (not shown) or release of MIB as a consequence of O. tenuis mortality. The overall
cyanobacterial abundance, mostly Cylindrospermopsis raciborskii increased up to 1100 cells ml1

in November, while MIB concentration generally decreased to below detection limit (BDL).

During the 2008 sampling period, cyanobacteria were found only in May and August and MIB
was below the taste detection limit of 5 ng l-1 (Fig. 13b).
2.5

DISCUSSION
The significant negative correlation between average summer MIB and average summer

rainfall strongly suggested a precipitation effect on T/O production at Beaver Reservoir.
Furthermore, MIB concentrations were generally highest when cyanobacteria were most
abundant, and cyanobacteria were most abundant in the relatively dry year. Therefore, our study
suggests that predominantly dry summer conditions may favor T/O events due to increased
proliferation of cyanobacteria. This observation is in general agreement with the anticipated
increase in cyanobacterial harmful algal blooms associated with extended drought periods (Paerl
and Scott 2010).
While many studies have linked climatic conditions to cyanobacterial proliferation (Philips et
al., 1997; Paerl et al., 1983; Roberts and Zohary, 1987; Bouvy et al., 2000; Jeong et al., 2003), to
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our knowledge, none have specifically studied the relationship between precipitation, inflow
conditions and cyanobacterial proliferation to T/O episodes. The effect of weather is reflected in
the precipitation regime whereby low precipitation conditions led to reduced discharge and
reduced nutrient concentrations during 2007 similar to results obtained in other aquatic systems
(Bouvy et al., 2000; Jeong et al., 2003). The significant positive relationships between discharge
and TN and TP during the wetter year 2008 likely reduced phytoplankton nutrient limitation by
increasing nutrient concentrations, which is also consistent with results obtained in other systems
(Vanni et al., 2006; Kato et al., 2009). These two contrasting discharge and nutrient regimes
impacted the overall nutrient stoichiometry which in turn impacted the algal community of the
reservoir.
The hot/dry conditions in 2007 resulted in a noticeable effect on nutrient and physical water
conditions in the reservoir. Significantly lower values for NO3, TN, TN:TP and Si:TP were
observed in 2007 relative to 2008. Physical water quality conditions such as discharge was also
lower in the hot/dry year at the TZ as opposed to the wet 2008. Due to their large drainage
basins, reservoirs often receive considerable nutrient inputs (Kimmel et al., 1990). At Beaver
Reservoir, the chert-rich Boone limestone formation is the major supplier of Si via conduit,
ground water and overland flow (pers. comm. Brahana) and excess N and P may enter from
anthropogenic activity (Haggard et al., 2003; Lopez et al., 2008; Menjoulet et al., 2009). The low
rainfall in 2007 coupled with the spring diatom bloom may have reduced nutrient supplies for
summer green algae dominance similar to observations made by (Pascual et al., 2005).
Throughout most of 2007 low discharge conditions, the algal community was dominated by
Synedra ulna and Fragilaria crotonensis, diatoms often associated with T/O production (Havel
and Rhodes, 2009) and high Si:TP (Kilham et al., 1986.; Interlandi et al., 1999). The dominance
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of the cyanobacteria (Cylindrospermopsis racioborskii and Raphidiopsis curvata) occurred from
mid-August through November 2007 and corresponded with the presence of MIB (Fig. 13a).
Summer cyanobacterial dominance is typical for reservoirs as water temperature increases,
stratification strengthens, and the TN:TP ratio falls below 30 (Chianudani et al., 1974; Schindler,
1977; Reynolds, 1984; Levine and Schindler, 1999). The nutrient which had the greatest impact
on the TN:TP ratio at Beaver Reservoir requires further study since TP increased and TN
decreased simultaneously in September. We postulate that the increased TP from the beginning
of August through mid-September (dry period) was caused by the entrainment of hypolimnetic
waters as the thermocline descended into the hypolimnion. The hot/dry conditions of 2007 were
replaced by wet conditions in 2008 which affected phytoplankton abundance and composition.
The 2008 algal community changed from Fragilaria to domination by Aulacoseira ambigua, an
indicator of high Si:TP (Kilham et al., 1986.; Interlandi et al., 1999) and wet eutrophic conditions
(Zalat and Vildary, 2007). The higher Si:TP ratios in 2008 may have been responsible for the
shift in diatom dominance from Fragilaria to Aulacoseira.
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2.6

CONCLUSION
Our hypothesis that MIB production was linked to precipitation conditions was based on

observations linking reduced precipitation to cyanobacterial proliferation (Bouvy et al., 2000;
Jeong et al., 2003; Scott et al., 2009). The significant negative relationship between average
monthly MIB and average monthly precipitation provided strong support in favor of this
relationship. Although this is the first reported study implicating low-flow conditions, and the
temporal presence of Cylindrospermopsis raciborskii (hepatotoxin producer) and Rhaphidiopsis
curvata to MIB production, similar trends were observed in Swanton, Ohio during 2008 and
2009 (pers comm. Mike Fields). However, strain isolation and culturing are required to
positively identify these species as T/O producers (Chorus and Bartram, 1999; Watson, 2003;
Huisman et al., 2005; Graham et al., 2008). In conclusion, our study suggests that cyanobacterial
proliferation and MIB production may be externally controlled by the precipitation regime at
Beaver Reservoir. Years with low precipitation led to cyanobacterial proliferation, perhaps
induced by N limitation and enhanced thermal stratification, and taste and odor outbreaks. In
contrast, high precipitation years may avert nutrient limitation and the subsequent predominance
of cyanobacteria due to increased nutrient delivery from the watershed and increased flushing of
cyanobacteria from the reservoir. This precipitation impact has important implications for
cyanobacterial proliferation and T/O outbreaks because temperatures are expected to increase
and precipitation events are predicted to be fewer but more intense in some areas of the U.S. over
the next 50 years (Liang et al., 2006; Sun et al., 2007). The increased air temperatures, prolonged
summer drought interrupted by intense precipitation events, and extended stratification periods
all lead to conditions favorable for cyanobacterial proliferation. We strongly agree that water
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managers will have to incorporate climatic change in their strategies to combat cyanobacterial
blooms (Paerl and Huisman, 2010) and the consequent toxin and taste and odor production.

2.7
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Table 2.0. Minimum, maximum, average and median MIB concentration (µg l-1) from 2000 to
2008. BDL= Below Detection Limit

Year
2000
2001
2002
2003
2004
2005
2006
2007
2008

Min
7
BDL
5
5
7
10
7
16
2

Max
80
BDL
240
22
64
20
48
145
5

Median
20
NA
20
10
23
12
20
50
3

Average
32
NA
57
11
26
14
22
52
3
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TN [μg l-1]

TP [μg l-1]

TN:TP

Temp. [oC]

Cond
. [μS cm -1)

pH [units]

DO [mg l-1]

Secchi [m]

Discharge
[cfs]

10 BDL
640 196
90
2
119 34

26
640
126
163

5
46
12
14

3
80
31
27

12.9
29.1
25.6
23.9

130
177
148
153*

7.0
8.8
7.6
7.8

0.2
10.3
6.5
5.5

1.5
3.3
2.0
2.2*

7
847
67
183

60 BDL
190 826
100 239
116 246*

241
852
468
452*

10
48
13
19

28
117
45
57*

18.1
30.5
25.1
25.1

97
156
126
130

6.8
9.0
7.6
7.7

6.6
9.7
8.9
8.4

0.5
2.6
1.8
1.7

12
2395
219
531*

NH3 [μg l-]

NO3 [μg l-1]

Table 2.1. Mean values for water quality parameters of the transition zones at Beaver Reservoir
from May-October 2007 and 2008. Significant differences between years are denoted by *. BDL
= Below Detection Limit.

2007
Minimum
Maximum
Median
Mean
2008
Minimum
Maximum
Median
Mean
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Figure 2.1: Map of the sampling locations (TZ, WR, WE) at Beaver Reservoir, Arkansas.

TZ

WR

WE

55

Figure 2.2: Average monthly concentration of methyl - iso - borneol (MIB) between 2000 and
2008
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Figure 2.3: Relationship between average summer MIB concentration and average summer
rainfall from 2000 to 2008 at the transition zone (TZ) of Beaver Reservoir

R2 = 0.32
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Figure 2.4: Variation in surface water temperature and precipitation at the transition zone (TZ) of
Beaver Reservoir a) 2007 and b) 2008
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Figure 2.5: Variation in ammonia (NH4) concentration at the transition zone (TZ) in 2007 (filled
circles) and 2008 (empty circles).
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Figure 2.6: Variation in nitrate concentration (NO3-) at the transition zone (TZ) in 2007 (filled
circles) and 2008 (empty circles).
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Figure 2.7: Variation in total nitrogen (TN) concentration at the transition zone (TZ) in 2007
(filled circles) and 2008 (empty circles).
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Figure 2.8a: Variation in total phosphorus (TP) concentration at the transition zone (TZ) in 2007
(filled circles) and 2008 (empty circles) and b) Regression between TP and cyanobacterial
abundance.
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Figure 2.9: Variations in diatom abundance (empty diamonds) and Si:TP ratio (filled diamonds)
in 2007 at the transition zone (TZ) of Beaver Reservoir.
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Figure 2.10: Variation in most abundant diatom species, F. crotonensis (open square) and S. ulna
(filled square) during 2007 at the transition zone (TZ) of Beaver Reservoir.
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Figure 2.11: Variations in diatom abundance (empty diamonds) and Si:TP ratio (filled diamonds)
in 2008 at the transition zone (TZ) of Beaver Reservoir.
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Figure 2.12: Variation in most abundant diatom species, A. ambigua (open circles) and S. ulna
(filled circle) during 2008 at the transition zone (TZ) of Beaver Reservoir.
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Figure 2.13: Variation in cyanobacterial abundance (filled circles) and total nitrogen to total
phosphorus (TN:TP) ratio for 2007(a) and 2008 (b).
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Figure 2.14: Variation in methyl – iso - borneol (MIB) concentration (triangles) and
cyanobacterial abundance (filled circles) at the transition zone (TZ) for 2007 (a) and 2008 (b).
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CHAPTER 3
RESERVOIR SEDIMENTS AS A TOOL FOR INVESTIGATING RESERVOIR AGEING

3.1

ABSTRACT
Reservoir sediments have been used sparingly in paleoecological studies due to

uncertainties in dating and issues surrounding sediment mixing. From an 85 cm sediment core,
sedimentation rate, organic matter (OM), total nitrogen (TN), total phosphorus (TP), TN:TP
ratio, carbon to nitrogen (C:N) ratio and the isotopes of carbon and nitrogen ( δ 13C and δ15N)
were assessed to track water quality changes in the reservoir. Based on 210 Pb by the
Environmental Radioisotope Lab, Manitoba, Canada the linear sedimentation rate was 0.3538 g
cm2 y-1. The average sedimentation rate in cm y-1 was 2.08 cm y-1.
The carbon to nitrogen ratio (C:N) which decreased towards the top of the core
indicated that the organic matter profile (OM) was predominantly terrestrial. This decrease
indicated that the reservoir was perhaps becoming more productive and that algal OM diluted the
terrestrial OM signal. This was further supported by the significant increase in OM from the
bottom to the top of the core.
Total nitrogen (TN) and total phosphorus (TP) also increased significantly from the
bottom to the top of the core. The TN:TP ratio suggested that the reservoir shifted from
phosphorus limitation to nitrogen limitation around 1990 which perhaps led to the dominance of
cyanobacteria in the reservoir. The isotopic signal of δ 13C indicated that the OM was
predominantly terrestrial but the lighter trend towards the top of the core was contrary to that
observed in natural lakes.
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Despite this contradiction in the δ13C data, the increased concentrations of OM, TN, TP
strongly suggested that reservoir sediments can be used to provide valuable information on water
quality change in reservoirs.
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3.2

INTRODUCTION
Paleolimnological studies in the south central United States are rare relative to studies in

the north, partly due to the absence of glacial lakes and the concern that reservoirs may not
accurately record water quality history (Shotbolt et al. 2005, 2006; Filstrup et al. 2010). Of
particular concern, are the relatively young ages of reservoirs which preclude application of
traditional dating techniques, sediment disturbances and uncertainty in sediment dating models
(Filstrup et al. 2010). Additionally, because reservoirs age differently from natural lakes,
eutrophication indicators such as organic matter, nutrient concentrations, and isotopes of carbon
(δ13C) and nitrogen (δ15N) may behave differently in reservoirs with different mixing regimes or
morphological characteristics (Shotbolt et al. 2005, 2006; Filstrup et al. 2010). Reservoir
ageing typically occurs on decadal scales as opposed to 100 – 1000‟s of years in natural lakes. A
period of high biological productivity (5 – 20 years) called trophic upsurge usually follows
reservoir filling (Baranov, 1961; Kimmel & Groeger, 1990), followed by a period of trophic
depression, which can last from 3 – 30 years (Lindström, 1973). Depending on watershed
activities the reservoir could experience increased biologic productivity (Holtz et al. 1997).
Contradictory to this aging model, Hall et al. (1999) showed that productivity decreased
following reservoir filling and suggested that light limitation may have been responsible for the
reduced productivity. (Hall et al. 1999) also demonstrated that the extent of inundation and the
magnitude of subsequent water fluctuations significantly impacted trophic development which
may confound interpretation of reservoir aging models. Despite these shortcomings, reservoirs
are the only water bodies in many parts of the US from which recent historical water quality data
can be obtained. Filstrup et al. (2010) utilized particulate organic carbon (POC), particulate
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organic nitrogen (PON), total phosphorus (TP), carbon to nitrogen ratio (C:N) and the stable
isotopes of carbon ( δ13C) and nitrogen (δ15N) of sediments in a Texas reservoir to reconstruct
water quality. The study successfully chronicled eutrophication history in the reservoir sediments
because POC, PON, TP and δ15N increased while C:N and N:P decreased with reservoir age.
While the study was successful, confounding factors such as large allochthonous organic matter
(OM) loads, differing degradation rates and changes in external N sources could have obscured
δ13C primary productivity (PP) and δ15N – PP relationships which complicated interpreting the
isotopic profile of the reservoir (Hedges et al. 1988; Harvey et al. 1995; Schelske & Hodell
1991, 1995; Hodell & Schelske 1998; Teranes & Bernasconi 2000; Lehman et al. 2002; Lehman
et al. 2004a, b; Filstrup et al. 2010). Based on these challenges, Filstrup et al. (2010)
recommended that before reservoir sediments are used extensively to infer long term water
quality additional research is needed and confounding factors identified.
In this study we assessed the viability of using sediment geochemical and biological
characteristics as indicators of water quality change in a deep monomictic reservoir. We
measured sedimentation rate, TN, TP, OM, δ 13C, δ15N and assessed C:N and N:P in an attempt to
determine if reservoir sediments can be used as reliable archives of water quality change in
reservoirs. We posed the following four hypotheses:
1. Trends of increasing TN, TP and OM, from inundation to present, reflect
eutrophication
2. Decreasing carbon to nitrogen (C: N) ratio demonstrate shifts in organic matter source
from allochthonous to autochthonous sources.
3. TN: TP would reflect N limitation as TP increased
4. δ13 C - OM and δ15N chronicle increased PP with reservoir age.
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3.3

SITE DESCRIPTION
Beaver Reservoir is a large, multipurpose reservoir constructed for flood control,

hydroelectric power generation, recreation and drinking water in the Upper White River Basin in
Northwest Arkansas (Fig. 1). Construction began in 1959 and the reservoir reached conservation
capacity in 1966. The reservoir is warm, monomictic (ventilation between November – May),
with an average depth of 18 m and average retention time of 1.5 years (Table 1, National
Eutrophication Survey, 1977). The White River, Richland Creek, Brush Creek, and War Eagle
Creek are the major tributaries to the river (Green 1996; Haggard &Green, 2002; Galloway and
Green, 2006). The reservoir has been classified as having a eutrophic riverine zone, mesotrophic
– eutrophic transition zone and an oligotrophic lacustrine zone (NES, 1977; Haggard, 1997).
Chlorophyll a, dissolved P, TP, TN and Cl have all increased from the 1970s to 2000s (Table 3).
The reservoir has experienced taste and odor outbreaks for at least the last 10 years associated
with eutrophication and cyanobacterial proliferation (Winston et al. 2011). The TN:TP ratio
calculated from historical water quality data indicated the reservoir was P limited in the 1960s,
then N limited in the 1990s, and 2000s at the transition zone.
Northwest Arkansas has one of the highest population growth rates in the U.S. The
population is projected to reach 1.2 million by the year 2050 from 2010 estimates of 424,404
(U.S Census Bureau, 2010). As a result of this growth, forest and pasture land has decreased by
7% and 5% respectively during the same time period. The decrease in forest and pasture land
was accompanied by a 4% increase in urban land usage from 1999 to 2006 (Table 2).
In addition to increasing population, Arkansas is ranked 2 nd and 3rd in poultry and turkey
production nationally with NW Arkansas accounting for 55% of Arkansas‟ production (USDA,
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1997; Slaton et al., 2004). Estimates show that in 2006 between 1.3 and 1.9 tons of poultry litter
was produced within the watershed (Brye et al. 2009).
Most of the poultry litter is land-applied as fertilizer to meet cattle nitrogen requirements.
As such, much of the nutrient load of poultry litter is susceptible to transport from the landscape
into water bodies during episodic precipitation events (Haggard et al. 2004) where it may
accelerate eutrophication. Because of these rapid land use changes, the upper end of Beaver
Reservoir provides an ideal location for investigating whether or not reservoir sediments are
reliable indicators of water quality change in reservoirs.
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3.4

METHODS

Sediment coring, dating and geochemical analysis
A sediment core (85 cm long) was extracted from the transition zone of Beaver
Reservoir, using a UWITEC® precision gravity corer on September 18, 2007 (Fig. 2). The core
was split, photographed then sliced into 1 cm sections. All radioisotope analysis was performed
by Dr. Paul Wilkinson at the Radioisotope Lab, Manitoba, Canada.
Sedimentation rate was assessed from 210Pb activity using a linear model assuming a
constant flux of 210 Pb to the sediments, no change in the sedimentation rate (Appleby et al.
1983) and sedimentation began at lake impoundment date of 1963. Briefly, accumulated dry
mass (g/cm2) was plotted against natural logarithm of excess 210Pb which yielded a straight line
regression curve. The linear nature of the plot confirmed that the assumption of constant flux and
an undisturbed sediment model is valid. Two points along the curve half the radioactive activity
apart are defined and sedimentation rate determined by dividing change in accumulated dry mass
between these points by the 210Pb half life (22.6 yrs).The age of each individual slice was
determined by dividing the accumulated dry mass by the linear sedimentation rate. The resultant
value was then subtracted from the year 2007 core collection date to determine the calendar year
the sediment was deposited. The sedimentation rate for individual layers was determined from
the reciprocal of the sediment age for the respective layer. Sedimentation rate was also estimated
by dividing the core length (85 cm) by the years since impoundment, 1963, which yielded a rate
in cm y-1.
Throughout this research the down-core variation in measured parameters was described
based on depth with the estimated age inserted to provide historical perspective of potentially
important events which occurred in the watershed.
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In order to estimate the organic matter content approximately 2 g of wet sediment was
weighed and dried overnight at 110°C (M1) then heated in ceramic crucibles, at 550°C for 5 hrs
in a muffle furnace and reweighed (M2) (Heiri et al. 2001). The organic matter (OM) content in
percent was determined by dividing the difference (M1 – M2) by M1. Sediment 13C and 15N
isotopic signatures, as well as the percent carbon and nitrogen content of each sample, were
measured using a Thermo-Finnigan Delta Plus IR-MS and elemental analyzer at the University
of Arkansas Stable Isotope Laboratory (UASIL, Fayetteville, Arkansas) according to Révész &
Haiping (2006). Freeze dried homogenized subsamples weighing 9 to 10 mg were placed in tin
foil vials and pyrolyzed at 1,000 °C (Révész & Haiping, 2006). The measured 15N and 13C
isotopic ratios are reported as δ values, per mil (‰) deviations from standard reference materials
(air for N2 and Pee Dee Belemnite (PDB) for C; Peterson and Fry, 1987). TP was assessed using
persulfate digestion method (EPA 365.4). Historical water quality values were obtained from the
USGS ranging from 1977 to present (www. usgs.gov).
Annual population for the Beaver Watershed was estimated using an exponential model
developed from 10 year census data from 1960 to 2010 (U.S. Census Bureau) for cities within
the Beaver Reservoir watershed. Because the southern sections of the city of Fayetteville drains
into the White River, the largest contributor of TN to the reservoir, 25% of the population of
Fayetteville was used when the total population was computed. The 10 year population average
was plotted against time which yielded an exponential function Y = a ebx where y is the
population at year (x) and a, b and e are known quantities from the equation. Population (Y) at
year (x) was solved mathematically.
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Statistical Analysis
Statistical analyses were performed using SYSTAT ® 12.0. Statistical significance was set
at p < 0.05. Historical water quality values were averaged at 10 year intervals to assess
relationships between population growth and water quality variables. One-way ANOVA was
used to assess if the differences in means were significant when possible. Ordinary least squares
regression was used to test for significant relationships between variables. A two period moving
average trend was added to the data to aid visual interpretation.

3.5

RESULTS

Historical water quality at the transition zone 1970’s to 2000’s.
All decadal mean water quality parameters were insignificantly greater in the 2000‟s relative to
the 1970‟s except Secchi depth (Table 3). Average chlorophyll a concentrations increased from 3.9 μg L-1
to 5.6 μg L-1. TP increased from 46 μg L-1 to 63 μg L-1. From the 1970‟s to the 1980‟s chlorophyll a, TP,
TN, P increased insignificantly while Secchi depth decreased (Table 3). The direction was reversed from
the 1980s to 1990s. Average chlorophyll a, TP and TN decreased insignificantly while Secchi depth
increased. The mean decadal water quality parameters increased again from the 1990‟s to 2000‟s, whereas
Secchi depth remained unchanged (Table 3). However, chloride concentration was the only variable that
increased significantly from the 1970‟s to 2000‟s (r 2 = 0.29, n = 14, p = 0.04). None of the increases in
the water quality parameters in the water column were correlated to population growth.
General Core Characteristics and Core Dating

The 85 cm core contained dark brown, organic rich sediment along its entire length with
no discernible breaks in stratigraphy. The peak radiocesium activity at 80 cm recorded the
atmospheric deposition of 137Cs, associated with nuclear weapons testing (Fig. 2a). A date of
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1963 was assigned to this depth. The activity then decreased rapidly to 0.009 Bq g -1 at a depth of
70 cm then decreased slowly to 0.007 +/- 0.001 Bq g-1 at a depth of 10 cm. The 137Cs activity
then increased to 0.008 +/- 0.002 Bq g-1 at the surface of the core (Fig. 2a). The 210Pb activity
decreased linearly with accumulated dry mass from 0.07 +/- 0.007 Bq g-1 at the top of the core
to 0.03 +/- 0.006 Bq g-1 at the bottom (Fig. 2b).
Diatom Abundance

Diatom abundance increased from 645 x cells ml-1 at 85 cm to 50 x 105 cells ml-1 at the
surface (Fig. 3a). The increase in diatom abundance ascending the sediment core was significant
(r2 = 0.13, n = 83, p < 0.001, Fig. 3b). Throughout the core, Aulacoseira ambigua, Aulacoseira
granulata and Aulacoseira subarctica accounted for over 50 % of the diatom abundance. Diatom
abundance was positively correlated to estimated population in the watershed (r 2 = 0.20, n = 41,
p = 0.003, Fig. 3c)
Sediment geochemistry
The core represented ca. 44 years of sediment accumulation at an average rate of 0.3538
g cm2 y-1 and 2.08 cm y-1 according to linear sedimentation model. The bulk density (BD) had an
overall trend of decrease from the bottom to the top of the core (Fig. 4a). However, there was a
period of increase from about 85 cm to 65 cm and from 18 cm to the surface (Fig. 4b). The BD
most pronounced trend was a significant decrease from about 0.289 g cm3 at 64 cm to 0.096 g
cm3 at a depth of 20 cm (r = 0.41, n = 82, p < 0.0001, Fig. 4b) . The BD was significantly
correlated to % OM. The OM profile increased from the bottom to the top of the core (Fig. 5a).
OM averaged 5.38 % from 85 to 72 cm, 6.23% from 71 to 30 cm and 6.52% from 29 cm to 6 cm
and 6.72 % from 5 cm to the surface. The overall increase in average OM with core depth was
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significant (r2 = 0.37, n = 83, p = 0.001, Fig. 5b). Estimated population was positively correlated
to OM concentration (r2 = 0.11, n = 43, p = 0.03, Fig. 5c)
TN concentration increased significantly from the bottom to the top of the core (r 2 = 0.32,
n = 83, p < 0.001, Fig. 6a). TN ranged from 2.5 mg g -1 at 85 cm to 3.5 mg g-1 at the surface (Fig.
6b). The increased TN concentration was significantly correlated to estimated population during
the same period (r2 = 0.57, n = 43, p = 0.0001, Fig. 6c). Sediment TP values ranged from 0.05
mg g-1 at the base of the core to 0.6 mg g-1 at the surface (Fig. 7a). TP was generally less than 0.1
mg g-1 from 85 cm to 30 cm and above 0.1 mg g -1 from 30 cm to the surface (Fig. 7a). The
increased TP to the surface was significant (r 2 = 0.29, p < 0.001, Fig. 7b). Similar to TN and OM
sediment TP was significantly associated with population growth (r2 = 0.40, n = 27, p = 0.004,
Fig. 7c). The TN:TP ratio was generally greater than 20 from 85 to 40 cm and less than 20 from
34 to 0 cm (Fig. 8a). The C:N ratio ranged from 16 at a depth of 85 cm to a high value of 29 at
about 50 cm (Fig. 8b). The ratio was generally less than 23 from 85 cm to 70 cm and from about
5 cm to the surface, but greater than 23 from 71 to 5 cm (Fig. 8b). Population growth was
negatively correlated to the C:N ratio (r2 = 0.2, n = 43, p < 0.001, Fig. 8c).
Stable Isotopes
The δ13C decreased significantly from the bottom to the top of the core (r 2 = 0.51, n = 78,
p < 0.001). The most enriched δ13C was -24.6 ‰ at 65 cm and the most deplete value was -26.9
at a depth of 1cm (Fig. 9a). The δ 13C was negatively correlated to population growth (r 2 = 0.31,
n = 42, p < 0.001, Fig. 9b). The δ 15N decreased from 8.43 ‰ at 85 cm to 6.23 ‰ at 42 cm (r2 =
0.56, n = 43, p < 0.0001) then increased to 6.93 ‰ at the surface (Fig. 9c). The decrease in δ 15N
was significantly correlated to population (r 2 = 0.19, n = 23, p = 0.04) but the increase to the
surface was not (r2 = 0.003, n = 21, p = 0.98)
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3.6

DISCUSSION

Core Dating and Sedimentation Rate
Dating sediment cores from reservoirs have proven difficult because their age preclude
traditional dating techniques applied to natural lakes. Callender & Van Metre (1997) and
Filstrup et al. (2010) stated that reservoirs impounded before the 1950s typically contain four
stratigraphic markers: reservoir impoundment date, introductory 137Cs (1962), peak 137Cs (1963)
and core collection date. Whereas, reservoirs impounded in the mid-1960s may have to rely on
impoundment date, core collection date and local events such as floods for dating across the
sediment core. Based on the peak 137Cs values, the bottom sediments were assigned a date of
1963 which agrees with historical impoundment and formation of the reservoir. The simple
mathematical procedure of dividing the length of sediment core by the number of years since
impoundment yielded a sedimentation rate of 1.89 cm y-1 which agreed with the 210 Pb linear
model value of 2.08 cm yr -1 and fell within the range of values by Boss et al. (2004) which
determined an average sedimentation rate of approximately 2 cm y -1. This strongly suggests that
despite concerns of sediment mixing and mobilization 210 Pb can be used reliably in reservoirs to
determine sedimentation rates and date cores.
The bulk density which is a measure of the weight of soil per unit volume can be used to
make inferences about the organic content of sediments since variations in BD is attributable to
the relative proportions of solid organic and inorganic particles and to the porosity of the soil.
The BD of most mineral soils ranges between 1.0 and 2.0 g cm3 but was an order of magnitude
lower in this study. The negative correlation between BD and OM suggested that OM production
may be limited by sediments in the water column due to reduced photic zone.
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Eutrophication indicators
Water quality data from the water column at the transition zone had values consistent
with eutrophic reservoirs according to the OCDE. Although there were increases in parameters
such as chlorophyll a and TN from the 1970‟s to the 2000‟s, the increases were insignificant.
For example chlorophyll a concentration increased from 3.9 µg L-1 in the 1970s to 5.6 µg L-1 in
the 2000s and TN increased from 899 µg L-1 to 924 µg L-1 throughout the same time frame.
Interestingly, the changes within the water column were not significantly correlated to
population increase and may be due to the fact that nutrients such as N and P are constantly
being utilized by algae and other microbes on time scales ranging from diurnal to seasonal.
Therefore, time and season of collection may have influenced the nutrient concentration obtained
in the water column. Because chloride concentration is required in very small amounts in
biological systems, changes in chloride concentration can be attributed to urban or industrial
sources. The significant increase in average chloride concentration from the 1970‟s to 2000‟s
suggested the effects of urbanization perhaps related to increased use of salt in the de-icing of
roads as there are no major industrial processes or geological formations that are salt intensive in
NWA. Despite the insignificant increase in nutrient concentrations, the effect of urbanization is
being manifested in the reservoir.
While eutrophication is a natural part of the lake ageing process, it occurs on the order of
thousands of years in natural systems as opposed to reservoirs. Reservoir ageing has distinct
trophic patterns. Generally, a phase of trophic upsurge, characterized by high biologic
productivity, persists for approximately 5 to 20 years after reservoir filling which is then
followed by a period of trophic depression with duration of 3 to 30 years (Baranov, 1961; Holtz
et al. 1997, Lindström, 1973). Trophic upsurge is generally fueled by internal nutrient loading
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from recently flooded lands (Holtz et al. 1997). Based on the nutrient concentrations from the
water column trophic upsurge and depression was not clearly detected. For example the
increased chlorophyll concentrations from the 1970‟s to the 1980‟s could indicate trophic
upsurge, but the increased nutrient concentrations confound this interpretation because increased
production should be accompanied by lower nutrient concentrations (Holtz et al. 1997).
We hypothesized that reservoir sediments would archive trophic upsurge and depression
via increased OM production through time. Based on the increased OM concentrations from 71
cm to 30 cm, the reservoir experienced trophic upsurge. Trophic upsurge corresponded to an
estimated age range from 1973 to 1994. Although the average OM only increased by 1.3 % from
1960s to 2000s, the increase was significant (r2 = 0.37, n = 83, p < 0.001). The difference could
be attributed to natural degradation of bottom sediments over time or increased productivity in
the reservoir. Because OM is utilized by microbes, deeper sediments will contain lower more
refractory concentrations of OM as opposed to sediments closer to the surface. We suggest that a
greater increase in OM was not observed because much of the algal production was accounted
for by the growth of diatoms supported by increased diatom abundance towards the top of the
sediment core.
Trophic depression appeared to occur between 27 cm and 10 cm (1994 to 2001) when
OM decreased from 7.4 % to 5.9 %. This decline in production may have been caused by
upgrades in the WWTP during the late 1980‟s and mid 1990‟s. Interestingly, during trophic
depression sediment TN and TP continued to increase perhaps due to increased contributions
from the watershed. This is supported by the fact that water column nutrient concentrations all
increased from the 1990‟s to the 2000‟s. Following trophic depression, biologic productivity
declines and remains at a lower level but will be dependent on the external load which in turn is
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dependent on land use (Holtz et al. 1997). At Beaver Reservoir, an additional stage of increased
productivity occurred between 9 cm and the surface when OM increased up to 7.1% at the
surface suggesting that watershed land use change may have influenced productivity.
Nutrient geochemical parameters such as TN concentration in the sediments did not
follow the reservoir ageing model but increased from the bottom to the top of the core. This
increase was consistent with that observed historically in the water column. The highly variable
TN concentration was perhaps due to selective loss of N in the sediments either through
denitrification or immobilization (Talbot & Laerdal, 2000). The significant relationship between
TN and population growth strongly suggested an anthropogenic impact on sediment TN
concentration.
In fresh water environments dissolved orthophosphate, phosphates and soluble reactive
phosphates generally limit phytoplankton productivity with increases having the opposite effect.
The decrease in chlorophyll a in the water column from the 1980‟s to the 1990‟s mirrored the
decrease in P and TP during that same time frame suggesting that the upgrades at the WWTP
were successful in decreasing algal productivity. Interestingly, sediment TP which averaged 0.11
± 0.06 mg g-1 between 85 cm and 31 cm decreased from 0.05 mg g -1 to 0.03 mg g-1 at 31 cm
(1963 to 1989) suggesting a release and utilization of phosphorus in the water column.
However, between 29 cm and the surface, sediment TP tripled and averaged 0.34 ± 0.20 mg g -1.
This was contrary to what was expected because riverine sediments become a source of
phosphorus when effluent TP is decreased (Larson et al. 1979; Ryding, 1981; Haggard et al.
2004) leading to lower sediment TP concentrations. Our results suggest that the sediments
became a sink for phosphorus and certainly warrant further investigations.

83

We hypothesized that the sediment C:N ratio would decrease with reservoir age
chronicling a shift in OM source from allochthonous to autochthonous production. The C:N
ratio at Beaver Reservoir ranged from a high of 29 to a low of 16 which indicated that the
source was predominantly terrestrial. However, the decreasing trend with C:N ratios < 20
suggested dilution of the OM signal from mixing of algal derived OM with terrestrial OM
similar to observations made by Meyers (2006).
The TN:TP ratio has often been used as an indicator of nutrient limitation of algal
biomass. Koerselman & Meuleman (1996) suggested that TN:TP mass ratios less than 14
indicated limitation by N and those greater than 16 indicated limitation by P. We hypothesized
that TN:TP ratios would decrease with age as phytoplankton became more N limited as a result
of increased P concentrations from eutrophication which is typical for reservoirs (Wetzel, 2001).
The overall increase in TN:TP ratio did not occur as expected. The 30 cm core depth represented
the threshold point for sediment TN:TP. From 85 cm to 30 cm (1963 – 1990) the ratio was
generally greater than 20 and less than 20 from 29 cm to the surface (1990 – 2007). The upcore
variation in the TN:TP ratio was opposite to TP which suggested that TP dictated the overall
ratio. However, the higher ratio from 1963 to 1990 could have also been as a result of greater N
concentration in the reservoir from N-fixation similar to observations made in a eutrophic
reservoir by Scott et al. (2008). The sediment TN:TP data suggested that from 1963 to 1990
algal biomass was P limited, and then shifted to N limitation as was hypothesized. Interestingly,
taste and odor episodes began during this period of N limitation in the reservoir which is a
favorable condition for the dominance of taste and odor (T/O) producers such as cyanobacteria.
Several studies have demonstrated the dominance of cyanobacteria in aquatic ecosystems
when the TN:TP ratio fell below 30 (Chianudani et al. 1974; Mortensen et al. 1992).
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Furthermore, in most aquatic systems cyanobacteria and/or actinomycetes are usually
responsible for T/O production (Suffet et al. 1999). A recent study at Beaver Reservoir
correlated the TN:TP ratio < 30 with the dominance of cyanobacteria and the presence of T/O
compound 2-methyl-iso-borneol, which further supported N limitation in the reservoir as P
increased from eutrophication (Winston et al, 2011).
The periods of trophic upsurge and trophic depression observed in the sediments of BR in
the transition zone was consistent with interpretations made by Green (1996) using the Relative
Aerial hypolimnetic Oxygen Deficit (RAHOD). Briefly, RAHOD compares the oxygen
concentration in hypolimnetic water over the summer stratification season, and uses the deficit
rate to infer the degree of eutrophication (Wetzel, 1983). This is because, in general, as the level
of eutrophication increases in a water body so does the hypolimnetic oxygen deficit. Based on
RAHOD, BR experienced a period of high biologic productivity (trophic upsurge) between 1974
and 1988 and a period of low productivity (trophic depression) between 1989 and 1994 (Green,
1996). This is in general agreement with the trends observed in this study which ascribed trophic
upsurge from 1973 to 1994, with a depression from 1994 to 2001.
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Stable Isotopes
Carbon isotopes
The δ13Corg has been used widely to infer increased algal productivity in aquatic
ecosystems (Matson & Brinson, 1990; Schelske & Hodell 1991, 1995, Brenner et al; 1999;
Dubowski & Erez, 2003). When algal productivity is low and CO 2 is abundant, larger
fractionations occur during assimilation leading to lower (more negative) δ 13C values (Verbug,
2007). Typically, phytoplankton and C3 plants have δ13C values which range from -22‰ to 30‰, whereas C4 plants (grasses) have δ13C values between -10‰ and -14‰. Phytoplankton
typically becomes increasingly enriched (heavier) in δ 13C during highly productive periods
because the epilimnetic DIC pools are preferentially depleted of the lighter δ12C by sedimenting
phytoplankton (Hodell & Schelske, 1998). However, Filstrup et al. (2009) suggested that this
trend might not occur in well mixed reservoirs due constant replenishment of the lighter δ 12C.
The δ13Corg values in our study decreased (more negative) from the bottom to the top of
the core which suggested that algal productivity in the reservoir was decreasing over time. The
more negative δ13Corg was similar to results observed in Lake Waco, a reservoir in Texas,
(Filstrup et al. 2009) but opposite to trends in stratified natural lakes (Schelske & Hodell, 1991,
1995; Hodell &Schelske, 1998). The variation in δ 13Corg at BR was significantly correlated to
population growth ( r = 0.69, N = 83, P < 0.001) and TN concentration ( r = 0.44, N = 83, P <
0.0001). This was not consistent with observations at Lake Waco where TP explained most of
the variation in δ13C (Filstrup et al, 2010).
The significant correlation with population growth may be related to the fact increased
deforestation resulting from urbanization mobilized soil OM in areas dominated by C 3 plants and
lighter δ13C signals. The significant correlation to TN and the fact that the C:N ratio is
86

predominantly terrestrial further supported this claim. There are several factors that influence the
δ13Corg but they all produce heavier δ13C as opposed to the lighter trend observed in this study.
First, high rates of photosynthesis deplete the water column of CO 2 forcing aquatic plants to rely
on bicarbonate which is 8‰ heavier than dissolved CO2 leading to organic matter enriched in
δ13C ( Fogel et al; 1992). Secondly, as eutrophication proceeds with reservoir age, deeper waters
and sediments experience longer periods of anoxia which favors methanogenesis and the
production of isotopically light methane ( CH4) and isotopically heavy CO2 (Stiller & Magaritz,
1974). The isotopically heavier CO2 is incorporated into biomass which leads to isotopically
heavier OM.
Nitrogen Isotopes
Increased δ15Norg with reservoir age has been used to estimate algal productivity in
numerous studies (Altabet & Francois 1994, Hodell &Schelske, 1998; Terranes & Bernasconi
2000, Filstrup et al, 2009). As epilimnetic DIN pools become progressively enriched with δ 15N
from preferential assimilation and hypolimnetic transport of δ 14N, phytoplankton discriminate
less against δ15N (Hodell & Schelske, 1998). Our hypothesis that δ 15N would increase with
reservoir ageing as observed in natural lakes was not confirmed by our data. The statistically
significant decrease in δ15N between 85 cm and 40 cm (1963 -1987) was opposite to that
observed in natural lakes during periods of high productivity but overlapped trophic upsurge
estimated with RAHOD (r2 = 0.79, n= 45, p < 0.0001). The δ15N which did not change
significantly between 1989 and 2007 coincided with the period of trophic depression in the
reservoir.
The fact that both the δ13Corg and δ15Norg signals were not consistent with trends in natural
lakes suggested that factors outside the scope of this study may be dictating the isotopic signal in
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210

reservoir sediments and provides an ideal platform for further research. Due to the linear

Pb

profile sediment mixing or disturbances was eliminated as a potential reason. Filstrup et al.
(2010) suggested that the decreasing δ13Corg in Lake Waco was perhaps due to constant
replenishing of δ12CO2 due to the polymictic nature of the reservoir. In contrast to Lake Waco,
Beaver Reservoir is monomictic therefore replenishing of δ 12CO2 seems unlikely. We propose a
different model that suggests the timing and community composition of algal growth and the
hydrodynamics of the reservoir may influence the isotopic signal observed in the sediments.
From a two year study we observed that the early summer (June- mid-July) algal community was
dominated by diatoms with minor contributions from cyanobacteria (Winston et al, 2011;).
During this time algal productivity is generally low and isotopic discrimination against

13

C is

high resulting in more negative δ13Corg (Meyers, 2006). As summer proceeds and water
temperature increases, algal productivity increases and the phytoplankton community becomes
dominated by cyanobacteria and isotopic discrimination against 13C is low. This results in less
negative δ13C. The domination by cyanobacteria and potential incorporation of heavier 13C into
OM persists from mid-July to mid-August (Winston et al, 2011). About the 3rd week in August,
2007 precipitation increases and epilimnetic water temperature drops relative to the metalimnion
water temperature. The evening low air temperatures cool surface water temperatures and
commence the death of cyanobacteria. Cooler surface water sinks cooling the water beneath
deepening the thermocline to the point where the thermocline erodes completely. This theory is
supported by the fact that taste and odor compounds historically reach maximum concentration
during this time (Winston et al, 2011) and cell lysis and death are proposed as the mechanisms
by which the compounds enter the water column (Graham et al, 2008). During the end of August
and early-September, precipitation increases along with discharge from the riverine zone into the
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transition zone. Because the inflow is denser than the surface water the inflow plunges beneath
the water surface (Thornton et al, 1990). The sedimenting 13C enriched phytoplankton
descending with the cooler water gets entrained in the plunging inflow and washed out of the
transition zone before being incorporated in the sediment. This model suggests that the δ13Corg
represents OM of early summer phytoplankton growth as opposed to the entire summer season
and may account for the decreasing 13C observed at Beaver Reservoir.
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3.7

CONCLUSION
In this study we explored the use of reservoir sediments as archives of eutrophication at

the transition zone of the Beaver Reservoir. Reservoir sediments are rarely used in
paleolimnological studies because of uncertainties associated with dating and sedimentation
rates. However, in many parts of the U.S, particularly the Southcentral and Southeastern regions,
reservoirs are the only water bodies‟ from which long term data may be extracted. We measured
sedimentation rate, TN, TP, OM, δ 13C, δ15N and assessed C:N and TN:TP to chronicle
eutrophication in the Beaver Reservoir. The two trends normally observed when lakes age were
observed in the data; 1) trophic upsurge which lasted from 1973 to 1994, and 2) trophic
depression from 1994 to 2000. The timing of both of these trends was in general agreement with
those proposed by Green (1996) from investigating the relative aerial hypolimnetic oxygen
deficit. While the nutrient concentration in the water column did not significantly reflect these
trends, the values are in the range representative of eutrophic conditions according to the OCDE.
This study suggested that the absence of distinct trends in the water column was perhaps due to
sequestration by the sediment supported by the increased TN and TP concentrations observed.
Results from a 2 year study (chapter 2 of this dissertation) showed that during the
summer months N became limiting in the reservoir. Limited N levels coupled with low P due to
upgrades at the WWTP in the mid 1990‟s may have shifted the TN:TP stoichiometric balance
towards N limitation and engendered the dominance of cyanobacteria and the onset of T/O
episodes in the drinking water. The declining C:N ratio and δ 13C with reservoir age recorded
contributions to the organic matter pool from allochthonous and autochthonous sources.
Although the declining δ13C trend was opposite to the increasing trend observed in natural lakes,
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we proposed that algal community composition, reservoir hydrodynamics and land use change
may account for this trend.
Despite the difficulties associated with interpreting the δ13C and δ15N signal, reservoir
sediments can be used as reliable archives for land use change in watersheds. The hypothesis that
TN, TP and OM would increase and the C:N ratio decrease with reservoir age was confirmed by
the study. Additionally, the hypothesis that the reservoir would become N limited as TP
increased was also confirmed. The information contained within reservoir sediments can be
invaluable tools to watershed managers in developing nutrient criteria for aquatic systems in the
watersheds. Additional research is needed in both polymictic and monomictic reservoirs to
determine if the trends of decreasing isotopic values is the consistent response with reservoir age.
Additional work is also needed to constrain the effect of hydrodynamics on algal biomass,
nutrient cycling and isotope signals in reservoirs especially at the transition zones. This will
further enhance our ability to use reservoir sediments as an additional tool in developing
watershed management policies.

3.8

ACKNOWLEDGEMENTS

Acknowledgements: Special thanks to Beaver Water District for assistance with field work and
historical data and the University of Arkansas Stable Isotope Lab (UASIL). Funding for this
project was provided by a USGS 104B grant and a Doctoral Academy Fellowship from the
University of Arkansas.

91

3.9

REFERENCES

Altabet M. A. & Francois R. (1994) Sedimentary nitrogen isotopic ratio as a recorder for surface
ocean nitrate utilization. Global Biogeochem. Cycles 8, 103–16.
Appleby P. G. & Oldfield F. (1983) The assessment of 210Pb data from sites with varying
sediment accumulation rates. Hydrobiologia 103, 29–35.
Baranov I. V. (1961) Biohydrochemical classification of reservoirs in the European U.S.S.R. In
Tyurin, P. V (ed.), The storage lakes of the U.S.S.R. and their importance for fishery. Israel
Program for Scientific Translations. Tel Aviv: 139–183.
Brenner M., Whitmore T. J., Curtis J. H. & C. L. Schelske, (1999) Historical ecology of a
hypereutrophic Florida lake. Lake and Reserv. Manage. 11, 255–271.
Callender E. & Van Metre P. C. (1997) Reservoir sediment cores show U.S. lead declines.
Environ. Sci. Technol. 31, 424A–8A.
Chianudani G. & Vighi M. (1974) The N:P Ratio and Tests with Selanastrum to Predict
eutrophication in Lakes. Water Res. 8, 1063-1069.
Dubowski Y., Erez J. & Stiller M. (2003) Isotopic paleolimnology of Lake Kinneret. Limnol.
Oceanogr. 48(1) 68-78
Filstrup C.T., Scott J.T., & Lind T.O. (2009) Allochthonous organic matter suppliments and
sediment transport in a polymictic reservoir determined using elemental and isotopic ratios.
Biogeochemistry. 96, 87-100
Filstrup C.T., Scott J.T., White D.J. & Lind T.O (2010) Use of element and isotopic
compositions to record the eutrophication of a polymictic reservoir in central Texas, USA.
Lake Reserv. Manage. 15, 25-39
Fogel M. L., Cifuentes L. A., Velinsky D. J., & Sharp J. H. (1992) Relationship of carbon
availability in estuarine phytoplankton to isotopic composition. Mar. Ecol. Prog. Ser. 82,
291–300.
Galloway J.M., & Green W.R. (2006) Analysis of ambient conditions and simulation of
hydrodynamics and water quality characteristics in Beaver Lake, Arkansas, 2001 through
2003. U. S. Geological Survey Scientific Investigations Report 2006-5003, 55pp.
Graham J.L., Loftin K.A., Ziegler A.C., & Meyer, M.T. (2008) Co-occurrence of toxins and
taste-and-odor compounds in cyanobacterial blooms from the midwestern United States.
A presentation at the American Society of Limnology and Oceanography Summer
Meeting, St. John‟s, Newfoundland. http://ks.water.usgs.gov/studies/qw/cyanobacteria/.
Accessed January 15, 2009.
92

Green W.R. (1996) Eutrophication trends inferred from hypolimnetic dissolved oxygen dynamics
within selected White River reservoirs, northern Arkansas - southern Missouri 1974-1994.
U. S. Geological Survey Scientific Investigations Report 1996-4096.
Haggard B.E. & Green W.R. (2002) Simulation of hydronamics, temperature and dissolved
oxygen in Beaver Lake, Arkansas, 1994-1995. U. S. Geological Survey Scientific
Investigations Report 2002-4116, 21pp.
Haggard B. E. (1997). Trophic status of Beaver Lake, Arkansas. M.S. Thesis, Crops, Soils and
Environmental Sciences Department, University of Arkansas, Fayetteville, Arkansas. 72
pp.
Haggard B.E., Ekka A.S., Matlock D.M. & Chaubey I. (2004) Phosphate equilibrium between
stream sediments and water: Potential effects of chemical amendments. Transactions of the
ASAE. 47(4), 1113−1118
Hall R.I., Leavitt P.R., Dixit A.S., Quinlan R. & Smol J.P. (1999) Effects of agriculture,
urbanization and climate on water quality in the northern Great Plains. Limnol. Oceanogr.
44, 739–756.
Harvey H. R., Tuttle J. H. & Bell J. T. (1995) Kinetics of phytoplankton decay during simulated
sedimentation: Changes in biochemical composition and microbial activity under oxic and
anoxic conditions. Geochim. Cosmochim. Acta. 59, 3367–77.
Hedges J. I., Clark W. A. & Cowie G. L. (1988) Fluxes and reactivities of organic matter in a
coastal marine bay. Limnol. Oceanogr. 33, 1137–52.
Heiri O., Lotter A.F. & Lemcke G. (2001) Loss on ignition as a method for estimating organic
and carbonate content in sediments: reproducibility and comparability of results. Journal of
Paleolimnology 25, 101-110.

Hodell D. A. & Schelske C. L. (1998) Production, sedimentation, and isotopic composition of
organic matter in Lake Ontario. Limnol. Oceanogr. 43, 200–14.
Holtz J. C., Hoagland K. D., Spawn R.L., Popp A, & Andersen J. L. (1997) Phytoplankton
community response to reservoir aging, 1968-92. Hydrobiologia. 346, 183-192
Kimmel B. L., Lind O. T. & Paulson L. J.(1990) Reservoir primary production. In Thornton, K.
W., B. L. Kimmel & F. E. Payne (eds), Reservoir limnology: ecological perspectives. John
Wiley & Sons, New York: 133–193.
Koerselman W. & L. J. Meuleman, A.F.M. (1996) The vegetation N:P ratio: a new tool to detect
the nature of nutrient limitation. Journal of Applied Ecology 33, 1441-1450

93

Larson D. P., Van Sickle, J., Malueg, K. W., & Smith, P. D. (1979) The effect of wastewater
phosphorus removal on Shagwa Lake, Minnesota: Phosphorus supplies, lake phosphorus
and chlorophyll a_. Water Research. 13, 1259 –1272.
Lehmann M. F., Bernasconi S. M., Barbieri A. & McKenzie J. A. (2002) Preservation of organic
matter and alteration of its carbon and nitrogen isotope composition during simulated and
in situ early sedimentary diagenesis. Geochim. Cosmochim. Acta 66, 3573–84.
Lehmann M. F., Bernasconi S. M., Barbieri A., Simona M. & McKenzie J. A. (2004b)
Interannual variation of the isotopic composition of sedimenting organic carbon and
nitrogen in Lake Lugano: A long-term sediment trap study. Limnol. Oceanogr. 49, 839–49.
Lindström T. (1973) life in a lake reservoir. Ambio. 2, 145-153
Matson A. E. & Brinson M.M. (1990) Stable carbon isotopes and the C:N ratio in the estuaries of
the Pamlico and Neuse Rivers, North Carolina. Limnol. Oceanogr. 35(6), 1290–1300.
Meyers P. A. & Teranes J. L. (2001) Sediment organic matter. In: Tracking Environmental
Change using Lake Sediments, Vol. 2 Physical and Geochemical Methods (eds W. M. Last
& J. P. Smol) pp. 239–69. Kluwer Academic Publishers, Dordrecht. _ 2010
Mortensen E., Jeppesen E., Sondergaard M., Nielsen L.K. (1992) Nutrient dynamics and
biological structure in shallow freshwater and brackish lakes. In: Kluwer Academic
Publishers, Dordrecht, The Netherlands, pp. 507pp.
National Eutrophication Survey. (1977) Report on Beaver, Table Rock, and Bull Shoals
Reservoirs, Arkansas and Taneycomo Reservoir, Missouri. Working Paper No. 480.
USEPA, regions VI and VII.
Peterson, B. J. & Fry B. (1987) Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst. 18,
293–320.
Révész K. & Haiping Qi. (2006) Determination of the δ ( 15N/14N) and δ (13C/12C) of Total N and
C in Solids: RSIL Lab Code 1832, chap. C5 of Révész, Kinga and Coplen Tyler B., eds.
Methods of the Reston Stable Isotope Laboratory: Reston Virginia, U.S. Geological
Survey, Techniques and Methods, book 10, sec. C, chap. 5, 31p.
Ryding S. O. (1981) Reversibility of man-induced eutrophication. Experiences of a lake recovery
study in Sweden. Internationale Revue der Gesamten Hydrobiologie. 66, 449–503.
Schelske C. L. & Hodell D. A. (1991) Recent changes in productivity and climate of Lake
Ontario detected by isotopic analysis of sediments. Limnol. Oceanogr. 36, 961–75.
Schelske C. L. & Hodell D. A. (1995) Using carbon isotopes of bulk sedimentary organic matter
to reconstruct the history of nutrient loading and eutrophication in Lake Erie. Limnol.
Oceanogr. 40, 918–29.
94

Scott J. T., Doyle R. D., Prochnow S. J. & White J. D. (2008) Are watershed and lacustrine
controls on planktonic N2 fixation hierarchically structured? Ecol. Appl. 18, 805–19.
Sen S., Haggard B.E., Chaubey I., Brye K.R., Costello T.A., Matlock M.D. (2007) Sediment
phosphorus release at Beaver Reservoir, Northwest Arkansas, USA, 2002-2003. Water Air
Soil Pollut. 179, 67-77.
Shotbolt L. A., Thomas A. D. & Hutchinson S. M. (2005) The use of reservoir sediments as
environmental archives of catchment inputs and atmospheric pollution. Prog. Phys. Geogr.
29, 337–61.
Shotbolt L., Hutchinson S. M. & Thomas A. D. (2006) Sediment stratigraphy and heavy metal
fluxes to reservoirs in the southern Pennine uplands. UK. J. Paleolimnol. 35, 305–22.
Slaton A.N., Brye R.K., Daniels M.B., Daniel C.T., Norman J.R., Miller M.D. (2004). Nutrient
input and removal trends for agricultural soils in nine geographic regions in Arkansas. J.
Environ. Qual. 33, 1606-1615
Stiller M. & Magaritz M. (1974) Carbon-13 enriched carbonate in interstitial waters of Lake
Kinneret sediments. Limnol. Oceanogr. 19, 849–853
Suffet I. H., Khiari, D., Bruchet, A. (1999) The drinking water taste and odor wheel for the
millennium: Beyond Geosmin and 2-methylisoborneol. Wat. Sci. tech. 40 (6), 1-13.
Talbot M.R. & Johannessen T. (1992) A high resolution paleoclimatic record for the last 27,500
yers in tropical west Africa from the carbon and nitrogen isotopic composition of lacustrine
organic matter. Earth Planet. Sci. Lett. 110, 23-37
Talbot M.R. & Laerdal T. (2000) The late PleisOMene-Holocene paleolimnology of Lake
Victoria, East Africa, based upon elemental and isotopic analyses of sedimentary organic
matter. J. Paleolimnol. 23, 141-164
Teranes J. L. & Bernasconi S. M. (2000) The record of nitrate utilization and productivity
limitation provided by d15N values in lake organic matter – A study of sediment trap and
core sediments from Baldeggersee, Switzerland. Limnol. Oceanogr. 45, 801–13.
University of Arkansas Cooperative Extension Service (UA-CES). 2006. Improving poultry litter
management and carcass disposal http:
//www.arnatural.org/environmental_management/eqip4/fact 8.htm (verified 26 Sept. 2008).
UA-CES, Little Rock, AR
US Census Bureau (2010) 2010 Census of Population and Housing
http://2010.census.gov/2010census/data
USDA. NASS, 1997. http:\\www.usda.gov/nass/pubs/estindx.htm
95

Wetzel R.G., 2001. Limnology Lake and River Ecosystems. Academic Press, 3 rd Ed
Winston B., Hausmann S., Scott J.T., Morgan R., Boss K. S., Davis K. R & Green R. (2011) The
influence of precipitation on algal taste and odor production in a south central U.S
Reservoir. In review, Journal of Harmful Algae

96

Table 3.1: Watershed and morphometric characteristics of Beaver Reservoir, NW Arkansas, USA
provided by the USACE.
Characteristic

Value

Conservation pool elevation (m)

341

2

Surface Area (x 10⁶ m )
Mean depth (m)
Maximum depth (m)

114
18
63

Volume (x10⁶ m3)
Water residence time (years)

2.3
1.5

Watershed area (x 10⁹ m2)
Drainage: Surface area

3.1
27

Table 3.2: Land Use/ Land Cover for Beaver Reservoir Watershed from 1999 to 2006 provided by the
Center for Advanced Spatial Technologies (University of Arkansas, Fayetteville)
Year
Land Use Category (%)

1999

2004

2006

Urban
Bare
Water

2.40
0.12
13.59

5.49
1.06
13.08

6.01
0.86
13.05

Crops
Forest

0.02
63.19

0.05
60.41

0.05
58.60

Pasture

20.58

18.49

15.93
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Table 3.3: Decadal mean and observed ranges (in parentheses) for water quality parameters in
the water column at the transition zone of Beaver Reservoir, Arkansas for 1970 – 2010.
Chlorophyll a values for 1970s were reported in Haggard, 1997

Variable
Chl a (μg L-1)

1970s

Decade
1980s

1990s

2000s

3.9

6.9 (0.9 - 32)

3.4 (0.2 - 16)

5.6 (<0.1 - 14)

TN (μg L-1)
Secchi (m)

43 (10 - 90)
46 ( 38 - 48)
899 (180 2300)
1.7 (1.5 - 1.9)

69 (<10 - 410)
55 (30 - 140)
1045 (10 2600)
1.4 (0.6 - 2.8)

44 (<10 - 240)
51(35 - 103)
1016 (<10 1500)
1.7 (0.24 - 3.5)

54 (<10 - 280)
63 (34 - 130)
924 (<10 1900)
1.7 (0.3 - 4.1)

Cl (mg L-1)
TN:TP

3.6 (2.7 - 5.6)
41

4.0 (2.0 - 7.4)
55

3.3 (2.7 - 3.4)
60

4.6 (1.9 - 7.9)
38

-1

P (μg L )
TP (μg L-1)
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Figure 3.1: Map of the sampling location at Beaver Reservoir, Arkansas. Location of core
extraction in the Transition zone indicated by triangle (L3).
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Figure 3.2: Stratigraphic markers used to date sediment core a)
core b) 210Pb activity plotted versus accumulated dry mass

137

Cs activity along sediment
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Figure 3.3: Variations in sediment geochemical parameters from the bottom to the top of the
core; a) Diatom abundance (cells ml-1) versus core depth in cm; b) Relationship between diatom
abundance and depth; c) Relationship between Diatom abundance and estimated population
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Figure 3.4: Relationship between bulk density in g cm-3 (BD) and core depth (cm), b) Variations in bulk
density (BD) with depth, c) relationship between BD and Organic Matter (OM) concentration
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Figure 3.5: Variations in organic matter (OM) concentration (%) with depth, b) Relationship
between OM and core depth, c) Relationship between OM and population growth.
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Figure 3.6: Variations in TN (mg g -1) with core depth, b) Relationship between TN and core
depth, c) Relationship between TP and population growth.
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Figure 3.7: Variations in TP (mg g-1) with core depth, b) Relationship between TP and core
depth, c) Relationship between TP and population growth.
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Figure 3.8 Variations in, a) TN:TP and b) C:N ratio with core depth and c) correlation to
estimated population
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Figure 3.9: Relationship between carbon 13 isotope C in (‰) and core depth (cm), b)
relationship between δ13 C and population growth, c) δ15 N variations with core depth
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CHAPTER 4
DIATOMS AS A TOOL FOR INVESTIGATING WEATHER CONDITIONS AND RESERVOIR AGEING

4.1

ABSTRACT

The use of diatoms as a tool for investigating weather conditions and reservoir
ageing (change in water quality) in the south-central United States is rare due to the absence of
glacial archives in this region. A recent study at the Beaver Reservoir in NW Arkansas showed a
strong relation between the presence of the diatom Aulacoseira ambigua in the water column and
precipitation in the watershed. The results showed that 2007, characterized by low precipitation
and warm temperatures, favored cyanobacterial domination of the reservoir and T/O events
while 2008, a wetter, cooler year with higher TN concentration, favored the dominance of the
diatom A. ambigua and the absence of T/O events. In another study (Chapter 3 this dissertation)
investigating reservoir sediment geochemistry from an extracted core, it was observed that the
reservoir experienced distinct stages of increased and decreased biological productivity termed
trophic upsurge (1973-1994) and depression (1995-2001) usually associated with reservoir
ageing. From these studies, it was apparent that the diatoms had a noticeable response to the
changing conditions in the reservoir and could potentially serve as weather and reservoir ageing
proxies in the region.
In this study, we assessed whether diatom abundance and community composition
reflected the phases of trophic upsurge and depression by comparing the partitioning of the
diatom assemblage zone (DAZ) to the time period of trophic upsurge and depression and
whether the relationship between A. ambigua and precipitation was long –term. Our results
showed that diatom abundance increased significantly from the bottom to the top of the core and
the community partitioned into three statistically significant (DAZ‟s). DAZ 1 ranged from 1963
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to 1967, DAZ 2 ranged from 1968 to 1994 and DAZ 3 ranged from 1995 to 2007. DAZ 2
overlapped the period of trophic upsurge (1973-1994) and had the greatest abundance of
eutrophic/hyper eutrophic (E, H-E) diatoms in the reservoir. The mesotrophic and mesotrophiceutrophic (M, M-E) diatoms increased from the bottom (DAZ 1) to the top (DAZ 3) of the core.
The abundance of A. ambigua was significantly correlated to May precipitation from 1964 to
2007. This suggested that A. ambigua could serve as a proxy for spring precipitation in the southcentral United States.
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4.2

INTRODUCTION
In the south-central United States paleolimnological studies are rare relative to studies in

the north, partly due to the absence of glacial archives in this region. Even more uncommon is
the use of diatoms in the south-central United States despite their well known sensitivities to
climatic conditions and nutrients. In Arkansas, Oklahoma and Missouri where climatic studies
have been performed, reconstructions have been based predominantly on tree ring chronology
and pollen (King and Allen, 1977; Smith, 1984; Stahle et al, 1985; Cleveland and Stahle, 1992).
The southern section of Missouri, northwest Arkansas and northeastern Oklahoma
contain a variety of caves, sinkholes, oxbow lakes and reservoirs and are being used increasingly
to explore paleoclimatic and paleoecological phenomena to explore long term species –
environmental relations. For example, Dorale et al (1998), Dennison et al (1999, 2008) inferred
climate from stalagmites. Pollock et al (2011) assessed carbon and oxygen isotopes in
stalagmites for potential seasonal variations over time. Knierim et al (2010) showed that cave
CO2 concentration changed seasonally and was dependent on surface temperature and insitu
biological activity.
A recent limnological study at the Beaver reservoir in NW Arkansas showed a strong
relation between the abundance of the diatom Aulacoseira ambigua and precipitation in the
watershed (Winston et al., 2011 in review). The results showed that 2007, characterized by low
precipitation and warm temperatures, favored cyanobacterial domination of the reservoir and
T/O events while 2008, a wetter, cooler year had higher TN concentration, favored the
dominance of the diatom A. ambigua and the absence of T/O events. In another study (Chapter
3 this dissertation) investigating reservoir sediment geochemistry from an extracted core, it was
observed that the reservoir experienced distinct stages of increased and decreased biological
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productivity termed trophic upsurge (1973-1994) and depression (1995-2001) respectively, and
an increase in diatom abundance with reservoir age (Winston et al, 2011). From these studies, it
was apparent that precipitation had a large imprint on the algal community composition and the
water quality in the reservoir and the diatoms had a noticeable response.
Computer models have projected the NW Arkansas region will experience temperature
increases from 0.5 to 1 C and reduced but more intense rain events over the next 50 years (Liang
et al., 2006). Since the aforementioned studies illustrated the effects of precipitation events on
water quality and algal community composition we wanted to determine 1) if the relationship
between A. ambigua and precipitation was long-term and 2) Could the abundance of A. ambigua
serve as a precipitation proxy in sediment cores for reservoirs in the south-central region of the
United States. We hypothesized that 1) The abundance of eutrophic diatoms would mirror the
phases of trophic upsurge and depression observed in the sediment core and 2) The abundance of
A. ambigua would be positively correlated to precipitation similar to that observed during the
two year study.
4.3

SITE DESCRIPTION
Beaver Reservoir is a large, multipurpose reservoir located in the Upper White River

Basin in northwest Arkansas (Fig. 1). The reservoir was constructed in 1963 for flood control,
hydropower generation, recreation, and drinking water. The reservoir is warm, monomictic
(circulation between November – May) at the transition zone (TZ), with an average depth of 18
m and average retention time of 1.5 years (National Eutrophication Survey, 1977).
The White River, Richland Creek, Brush Creek, and War Eagle Creek are the major
tributaries to the river (Green 1996; Haggard &Green, 2002; Galloway and Green, 2006). The
reservoir has three distinct zones: a eutrophic riverine zone, mesotrophic to eutrophic transition
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zone, and an oligotrophic lacustrine zone towards the dam (Sen et al., 2007). The basin drainage
area is 3,087 km2 with 57% being forest, 32% agriculture, and 5% urban (Galloway and Green,
2007). The average annual temperature and precipitation compiled from 1953 - 2010 is 57 ◦F
and 1114 mm, respectively (NOAA). The precipitation pattern is bimodal with approximately
40% falling from March to June and 26% between September and November (Fig. 2; Lydolph,
1985; Henderson and Muller, 1997). The reservoir also experiences a period of decreased
precipitation during the summer months of July and August (Fig. 2).

4.4

METHODS

Sediment coring, dating and geochemical analysis
A sediment core (85 cm long) was extracted from the transition zone of Beaver Reservoir, AR
using a UWITEC® precision gravity corer on September 18th 2007. The core was split,
photographed then sliced into 1 cm sections. The sedimentation rate was assessed from Pb 210
activity using a linear rate of supply model (Appleby, et al. 1983). The C/N isotopic analysis was
assessed at the University of Arkansas Stable Isotope Lab according to (Meyers, et al. 1999). The
organic matter content was determined by loss on ignition (LOI) according to Heiri et al. (2001)
for further discussion on the aforementioned variables consult Chapter 3 of this dissertation.
Analysis of Diatom Assemblages
For diatom analysis, 1cm3 of freeze dried sediment was oxidized hot with 30% H2O2, 10% HCL
(Battarbee, 1986). Once the reaction was complete the suspensions were refrigerated overnight
at 4˚C to allow diatoms to settle and reaction with H2O2 to stop. Samples were decanted and
filled with distilled water. After several rinses, a solution of known volume of microsphere
(beads 6μm in diameter) were added to the cleaned diatom suspension (Battarbee and Kneen,
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1928), and then mounted on slides using Naphrax®. Diatom taxonomy was determined using
Krammer and Lange-Bertalot (1986 -1991).
2.4 Numerical Analysis
Based on results from Chapter 3 which indicated that the reservoir experienced distinct stages of
trophic upsurge and depression, the computer programs ZONE and the Broken-Stick model
(Lotter and Juggins 1991, Bennet 1996) was used to determine if diatom assemblages would
reflect this pattern.
Statistical analyses were performed using SYSTAT® 12.0 package and CANOCO®.
Statistical significance was set at p < 0.05. Historical water quality values were obtained from
the USGS ranging from 1977 to 2007 and climatic data from NOAA. The average precipitation
and temperature were grouped to encapsulate major periods of growth and environmental
variation in the reservoir. For example, July – September reflects the period when cyanobacteria
are present and MIB detected in the drinking water. The period March – June represented a
period of increased rainfall. Water quality parameters were averaged for each zone and one-way
ANOVA was used to assess if the differences in the averages of water quality parameters were
significant from one zone to the next. Ordinary least squares regression was used to test for
significant relationships among variables. Additionally, we used canonical correspondence
analysis (CCA; ter Braak 1995) with a Monte Carlo permutation test to determine if measured
nutrients (1975 – 2007), observed temperature and precipitation or population growth
significantly explained the variance of the diatom data.
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4.5

RESULTS

General Core Characteristics
The 85 cm core represented ca. 43 years of sediment accumulation at an average rate of
2.08 cm y-1. The core had a homogenous dark grey coloration throughout with no distinct visible
variations in grain size. Diatom analysis of the core led to the identification of 39 different
diatom species, 22 genera and three distinct diatom assemblage zones (DAZ). Throughout the
core the diatom community was dominated by Aulacoseira granulata (EHRENBERG) SIMONSEN
and Aulacoseira subarctica. Other notable diatoms such as A. ambigua (GRUNOW) SIMONSEN
and Achnanthes biasolettiana (GRUNOW) LECTOTYPUS were present throughout the core.
Declines in the eutrophic diatoms generally corresponded to increases in the oligo-meso (O-M)
and meso-eutrophic (M-E) diatom species (Fig. 4). During 1965 the decline was followed by an
increase in the hypereutrophic (H-E) indicator species (Fig. 4).
Sediment geochemistry
In DAZ 1 (1963 – 1967), bulk density (BD) averaged 0.20 g cm -3 and was the highest for
all three zones (Fig. 3). The C:N ratio which averaged 26 was significantly greater than DAZ 2
and DAZ 3 (Fig. 4). The average organic matter (OM) content was 6.15% which was the lowest
of all zones (Fig. 5). Sediment TN averaged 0.24 mg g -1 and TP averaged 0.11 mg g -1
respectively (Fig. 6 & 7). Sediment TN and TP were lowest at DAZ 1. Carbon 13 isotope was 26‰ at DAZ 1 (Fig. 9) and nitrogen 15 isotope averaged 7.5‰ (Fig. 10). The TN:TP ratio
averaged 25 in DAZ 1 (Fig. 8).
DAZ 2 (1968 – 1993) had a BD of 0.18 yr-1 g cm -3 (Fig. 3). BD in DAZ 2 was less than
BD in DAZ 1 but greater than BD in DAZ 3. The C:N ratio averaged 24 and the organic matter
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content 6.29% ( Figs. 4 & 5). Sediment TN averaged 0.25 mg g -1 but was not significantly
greater than DAZ 1(Fig. 6). Sediment TP averaged 0.15 mg g -1 while the TN:TP remained at 25
(Figs. 7 & 8). The δ13 C and δ15 N remained unchanged (Figs. 9&10).
In DAZ 3 (1994 – 2007), the BD averaged 0.16 mg g-1 of sediment (Fig. 3). The
decreased BD from DAZ 1 to DAZ 3was statistically significant DAZ 1 (n = 55, p = 0.001). The
C:N ratio which averaged 22 was significantly less than both DAZ 1 and DAZ 2 (Fig. 4). The
organic matter content of 6.51 % was greatest at DAZ 3 (Fig. 5) but not significantly (n = 55, p =
0.37, r = 0.29). Sediment TN averaged 0. 28 mg g -1 and was the greatest at DAZ 3 (Fig. 6).
Sediment TP was twice that of DAZ 2 and averaged 0. 34 mg g-1(Fig. 7). The TN:TP ratio which
averaged 10 was less than half of DAZ 2 and DAZ 1 (Fig. 8). The δ13 C and δ15 N was similar to
DAZ 2 and DAZ 1 (Figs. 9&10).
Weather, water quality and diatoms
Diatom abundance increased significantly from an average 2.5 x 10 5 cells ml-1 in DAZ 1
to an average of about 12 x 105 cells ml-1 in DAZ 3 (Fig. 11). Throughout the core the most
common diatoms were Aulacoseira granulata (EHRENBERG) SIMONSEN , Aulacoseira subarctica
Aulacoseira ambigua and Achnanthes biasolettiana (Fig. 12). Table 2 presents the relative
abundance and trophic classification of individual diatoms in DAZ 1, DAZ 2 and DAZ 3.
Total July – September precipitation significantly explained 21% of the variation in
diatom community composition (n = 44, p = 0.05, Table 1). The other variables associated to
weather, such as March-June temperature explained between 13% and 17% of the variation but
not significantly (Table. 1). The TP and TN concentration in the water column accounted for 7%
of the variation in the diatom community but not significantly (Table 1). Although the CCA plot
showed that A. ambigua was positively associated to July-September temperature, the
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association was not significant (r2 = 0.17, n = 19, p = 0.13, Fig. 14). However, the relationship
between A. ambigua and May precipitation was significant (r2 = 0.23, n = 43, p = 0.001, Fig. 15)
The negative association between July-September temperature and A.granulata was also
insignificant (r2 = 0.14, n = 19, p = 0.09, Figs. 14&16).
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4.6

DISCUSSION
Diatoms archived in lake sediments have been shown to reflect the result of land-use

change, nutrient loading and changing climates globally (O‟Hara et al., 1993; Cisternas et al.,
2001; Hausmann et al., 2002). Our hypothesis that diatoms would chronicle the phases of trophic
upsurge and depression was based on a previous study that demonstrated increased algal
productivity from 1973 to 1994, 2002 to 2007 and reduced production from 1995 to 2001
(Chapter 3). Our significant diatom assemblage zone (DAZ1, 1963-1967) fell outside the range
of trophic upsurge from (Chapter 3). However, the algal community composition was over 50%
eutrophic dominated by A. granulata which suggested eutrophic conditions during this period.
DAZ 2 which ranged from 1968 to 1993 encompassed the phase of trophic upsurge (1973-1994).
During trophic upsurge, the eutrophic, mesotrophic and mesotrophic to eutrophic (M, M-E)
diatom abundance increased while the oligotrophs decreased. This change in diatom assemblage
suggested that water quality had changed to favor diatoms more suited for mesotrophic to
eutrophic conditions such as Achnanthes biasolettiana and Aulacoseira subarctica. The increase
in the M, M-E diatoms was perhaps driven by lower nutrient conditions in the water column.
Between 1977 and 1993, for which water quality data was available, TN averaged 1043
µg L-1 and TP averaged 45 µg L-1. According to the OECD1982, these values would classify the
lake between mesotrophic and eutrophic. DAZ 3 which ranged from 1994 to 2007 overlapped
both trophic upsurge and trophic depression (Chapter 3). The eutrophic and M, M-E diatoms
decreased from DAZ 2 to DAZ 3 while the O, O-M diatoms increased. TN and TP data available
ranged from 2000 to 2007 and averaged 874 µg L-1 and 63 µg L-1 respectively. Based on the
OECD the lake would be classified as mestrophic to eutrophic. The increase in the O, O-M
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diatoms in DAZ 3 suggested that the diatoms perhaps responded more strongly to some factor
other than water quality because the water quality did not change dramatically between DAZ 2
and DAZ 3.
Our hypothesis that the long term abundance of A. ambigua was positively correlated to
precipitation was based on a two year study which showed a significant positive association
between the two variables. Based on the CCA analysis July-September precipitation most
influenced the abundance of A. ambigua albeit not significantly. The ecological preferences for
A. ambigua include turbulent conditions, high temperature optima, high silica and high
phosphorus and low light conditions (Rioual et al, 2007). The positive association between A.
ambigua and May precipitation in our study is consistent with the reported ecological
preferences for A. ambigua. Rioual et al. (2007) suggested that abundant percentages of A.
ambigua may also indicate an early breakdown of summer thermal stratification due to storms or
vigorous mixing. Reported ecological preferences for Aulacoseira granulata include high
temperatures, high Si, high light, low N:P ratio, low nitrogen and turbulent conditions (Kilham et
al., 1986; Brugam, 1993; Hötzel and Croome, 1996). Interestingly, the abundance of A.
granulata was negatively correlated to July- September temperature suggesting that A. granulata
could potentially serve as a temperature proxy in the south central United States (r = 0.3, N = 55,
p = 0.03). While the relationship was not significant more studies may yield significant
relationships.
In addition to A. granulata, Aulacoseira subarctica had a high relative abundance in
DAZ 3. A. subarctica requires turbulence, low light conditions, high silica, low temperatures
and low nutrient concentrations (Interlandi et al., 1999; Gibson et al., 2003) to thrive. Reported
TP optima for Aulacoseira subarctica ranges from 32 µg l-1 to 72 µg l-1, but has been found in
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lakes with mean TP exceeding 100 µg l-1 (Gibson et al., 1988). A. subarctica is reported as an
indicator of mesotrophic conditions and the abundance will decrease once TP concentrations
exceed 50 µg l-1 (Gibson et al., 2003). In our study, the average water column TP was 44 µg l-1 in
DAZ 2 and 63 µg l-1 in DAZ3 . Thus the abundance of A. subarctica was expected to be greater
in DAZ2 relative to DAZ3. The low abundance in DAZ2 and high abundance in DAZ3 was
opposite the expected trend but suggested that the reservoir was alternating between a
mesotrophic to eutrophic state further supported by the decreasing abundance of Aulacoseira
granulata and the increase in mesotrophic indicators such as Aulacoseira ambigua and
Fragilaria crotonensis in DAZ 3 (Fig. 3). The transition to a mesotrophic state may be related to
upgrades made at the WWTP in the late 80‟s and early 90‟s illustrating the effects of land use on
water quality at the reservoir.
Of the sediment geochemical variables measured, sediment TN and TP all increased
significantly from DAZ1 to DAZ3 which suggested increased nutrients from the watershed
overtime. This was not surprising because of the significant positive relationship between
population growth and geochemical parameters (Chapter 3) and that section of the White River
have been placed on the EPA‟s 303d list as being impaired by sedimentation. The increased
nutrients may have fueled algal production suggested by the significant increase in average
diatom abundance from DAZ 1 to DAZ 3. This may have also changed the nutrient dynamics of
the reservoir. From 1963 to 1994, (DAZ 1 and DAZ 2), the reservoir had a TN:TP ratio greater
than 16 which indicated phosphorus limitation. The TN:TP ratio in DAZ 3 was 10 which
suggested that the reservoir shifted to N limitation potentially caused by land use change. The
C:N ratio which ranged from 26 in DAZ 1 to 22 in DAZ 3 is within the expected range for
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terrestrial organic matter but the decrease also suggests that the OM pool is being increasingly
mixed with algal derived OM consistent with the findings of chapter 3 of this dissertation.
The lighter δ13C and δ15N from DAZ 1 to DAZ 3 is inconsistent with trends observed in
natural lakes experiencing eutrophication. Chapter 3 suggested that the isotopes reflect early
summer growth of green algae and diatoms and incorporation of δ 12C and δ14N. This growth
essentially depleted the lighter isotope leaving behind a pool of the heavier δ 13C and δ15N for
incorporation in biomass. However late summer and early fall rains wash the sedimenting
phytoplankton out of the reservoir before they are incorporated in sediment. This prevents the
δ13C and δ15N enriched OM to become incorporated in the sediment (Chapter 3).
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4.7

CONCLUSION
The use of diatom stratigraphy as a tool for understanding paleolimnological phenomena

has been used very sparingly in the south-central United States. In this study, we assessed
whether diatom abundance and community composition reflected the phases of trophic upsurge
and depression by comparing the partitioning of the diatom assemblage zone (DAZ) to the time
period of trophic upsurge and depression and whether the relationship between A. ambigua and
precipitation was long –term. Results showed that DAZ 2 (1968-1994), which had an increase in
the eutrophic diatom abundance, bracketed the phase of trophic upsurge (1973-1994) observed in
the sediment geochemistry. The study concurred with a two year analysis which showed that
during wetter, cooler years algal community composition was dominated by diatom A. ambigua
as opposed to drier years which were dominated by cyanobacteria C. racioborskii and R. curvata
(Chapter 2). The significant positive correlation between A. ambigua and May precipitation
strongly supported that growth is best under wetter, turbid conditions similar to results observed
during the two year study. This finding is important because it demonstrated that changes in
diatom abundance in lakes can be triggered by weather in addition to water chemistry as
suggested by Anderson (2000). This suggested that A. ambigua may be used as weather proxy in
the south-central United States.
Our study highlighted two difficulties with using reservoir sediments to interpret the
effects of watershed land use on water quality in reservoirs. The trend of lighter isotopes at the
top of the core was not consistent with the trends observed in natural lakes and reservoir
hydrology may be responsible for the differences. Choosing an appropriate time scale on which
analysis was based yielded drastically different trends. For example, DAZ 1 was completely
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outside the period of trophic upsurge (based on OM), while DAZ 2 encompassed both trophic
upsurge and depression suggested by Green (1996) and (Chapter 3).
Because there are no diatom stratigraphies for the south-central US, our diatom
assemblage – environmental relationships were based on assemblages in Florida and Europe.
This may have either over or underestimated our interpretations about water quality and
productivity. Despite these differences, the general trend of increased productivity and distinct
phases of upsurge and depression was observed in the diatom stratigraphy. Certainly, much more
research is needed to develop robust diatom taxonomy for the south-central US and the water
quality and climatic conditions in which they thrive. This will enhance the ability to use reservoir
sediments as archives for long term environmental change in watersheds.
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Table 4.0: Monte Carlo significance test of the relationship between environmental variables and
diatom community composition.
.

Variable
July - September
Precipitation
March - June Temperature
March - June Precipitation
July - September
Temperature
Annual Precipitation
Total Nitrogen
Total Phosphorus

% Variation
Explained

P value

21
17
15

0.052
0.126
0.18

14
13
7
7

0.222
0.26
0.69
0.818
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Table 4.1: Diatom abundance relative to diatom assemblage zone (DAZ) and trophic preference
categorized according to Van Dam et al, 1994 and Whitmore, 1989 and sorted alphabetically: Aall, h-hypereutrophic, e-eutrophic, m-mesotrophic, o-oligotrophic, U-unknown.

Diatom Name

Achnanthes biasolettiana (m)
Achnanthes exigua (U)
Achnanthes minutissima (A)
Anomeoneis vitrea (A)
Asterionella formosa (A)
Aulacoseira ambigua (e)
Aulacoseira granulata (e)
Aulacoseira subarctica (o-m)
Cyclostephanos dubius (e)
Cyclostephanos invisistatus (U)
Cyclotella ocellata (m-e)
Cyclotella psuedosteliigera (e)
Cyclotella stelligera (e)
Encyonema prostrata (U)
Fragilaria capucina (o-m)
Fragilaria crotonensis (m)
Gomphonema olivaceum (e)
Gomphonema parvulum (e)
Navicula capitatoradiata (e)
Nitzschia amphibia (e-h)
Nitzschia dissipata (A)
Sirurella robusta (o)
Stephanodiscus hantzschii (h)
Stephanodiscus niagare (h)
Synedra ulna (e)
Tabellaria fenestra (o)

DAZ3

DAZ2

DAZ1
Abundance
(%)

Abundance (%)

Abundance (%)

9

11

3

1

0

0

4

3

1

7

1

1

1

1

0

9

9

1

21

34

41

11

8

28

7

3

4

2

4

3

1

0

2

2

1

3

3

3

0

0

1

0

0

0

2

3

2

1

1

1

1

1

1

0

2

0

2

1

1

0

1

2

2

1

0

0

3

2

0

0

2

0

4

1

0

2

4

0
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Figure 4.1: Map of the sampling location at Beaver Reservoir, Arkansas. Location of core
extraction in the Transition zone indicated by triangle (L3).
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Figure 4.2: The 30 yr monthly average rainfall and temperature for Northwest Arkansas. Data
compiled from NOAA divisional data set.
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Figure 4.3: Variation in Bulk Density (BD) from DAZ 1 to DAZ 3.
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Figure 3.4: Variation in carbon to nitrogen (C:N) ratio from bottom (DAZ 1) to top (DAZ 3) of
the sediment core.
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Figure 4.5: Variation in organic matter (OM) concentration from bottom (DAZ 1) to top (DAZ 3)
of the sediment core.
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Figure 4.6: Variation in total nitrogen (TN) concentration from bottom (DAZ 1) to top (DAZ 3)
of the sediment core.
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Figure 4.7: Variation in total phosphorus (TP) concentration from bottom (DAZ 1) to top (DAZ
3) of the sediment core.
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Figure 4.8: Variation in total nitrogen to total phosphorus (TN:TP) ratio from bottom (DAZ 1) to
top (DAZ 3) of the sediment core.

30

TN:TP

25

20

15

10

5

0
DAZ 3

DAZ 2

DAZ 1

134

Figure 4.9: Variation in carbon 13 isotope from bottom (DAZ 1) to top (DAZ 3) of the sediment
core.
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Figure 4.10: Variation in nitrogen 15 isotope from bottom (DAZ 1) to top (DAZ 3) of the
sediment core.
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Figure 4.11: Variation diatom abundance from bottom (DAZ 1) to top (DAZ 3) of the sediment
core.
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Figure 4.12: Distribution of select diatoms from the bottom (DAZ 1) to the top (DAZ 3) of the
sediment core.
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Figure 4.13: Distribution of diatoms according to trophic preference from bottom (DAZ 1) to top
(DAZ 3) of sediment core. The letter (O) represents oligotrophic, (M) represents mesotrophic,
(E) represents eutrophic diatoms and (H) represents hypereutrophic diatoms.
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Figure 4.14: Relationship between A. ambigua abundance and May precipitation from 1977 to
2007.
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Figure 4.15: CCA of select diatoms and environmental variables

PPJul-Sep
TMPJul-Sep

Aulacoseira ambigua
TPWC

ANPP

Aulacoseira subarctica

Fragilaria crotonensis
PPMRCJN
TNWC

-0.8

Aulacoseira granulata

TMPMRCJN

-1.0

1.0

141

Figure 4.16: Relationship between A. granulata abundance and total July- September rainfall
from 1977 to 2007

A. granulata [cells ml -1 ]

30
R² = 0.14

25

20
15
10
5
0
100

150
200
250
300
350
Total July - September rainfall [mm]

400

450

142

CHAPTER 5
CONCLUSION
Reservoir ageing and the associated water quality changes continue to be a persistent
problem for water resource managers throughout the world. Attempts to mitigate the effects of
ageing have had varying degrees of success in different locations. While many strategies have
focused on the chemical aspects of ageing, the most successful ones are those that attack ageing
from a watershed perspective. This research assessed some of the pressing issues associated with
reservoirs ranging from water quality concerns, the proliferation of toxic cyanobacteria, foul
tasting water to sedimentation and the use of biological remains and reservoir sediments as
viable tools in developing water quality management strategies at Beaver Reservoir.
Chapter 2 added to the growing body of knowledge on taste and odor episodes (T/O) and
the environmental conditions under which the T/O producers thrive. The results showed that
drought conditions reduced N:P ratios and favored the proliferation of toxic cyanobacteria
similar to results observed worldwide but also demonstrated a greater incidence of T/O episodes
as well. The period of increased precipitation led to the dominance of the diatom Aulacoseira
ambigua and suggested that it could be used as a proxy for precipitation in the watershed. This
research appears to be the first linking the effects of weather perturbations, reduced precipitation,
warmer summers, longer periods of water column stability, to the proliferation of toxic
cyanobacteria and the incidence of MIB in the drinking water reservoir.
Chapter 3 also added to an increasing body of research attempting to use reservoir
sediments as reliable archives of water quality changes in reservoirs. Reservoir sediments are
rarely used because of uncertainties associated with 210Pb dating brought about by sediment
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movement and mixing in reservoirs. Our results showed that despite small temporal differences
the basic trends of reservoir ageing observed in the water column, trophic upsurge and
depression, was archived within the sediments. The results showed that 1) trophic upsurge lasted
from 1973to 1994, 2) trophic depression from 1995 to 2001, and 3) a period of increased
productivity from 2001 to 2007. An additional period of decreased productivity occurred from
1992 to 1994, which may have been associated to decreased P concentration in WWTP effluents
into the tributaries of the reservoir. The decreased P from the WWTP may have increased P
release from the sediments which shifted the stoichiometric balance towards N limitation, the
dominance of cyanobacteria and the onset of T/O episodes in the drinking water. The trends of
increased nutrient concentration, increased productivity and N limitation observed in the
sediment data was consistent with the decadal trends observed in the water column, which
suggested that sediments can be used as reliable archives for trophic status changes in reservoirs.
Chapter 4 further addressed the use of sediments as reliable archives by assessing the
abundance and composition of the silicified remains of diatoms in the sediments. The results
demonstrated that the water quality changes associated with reservoir ageing was also reflected
in the diatom community composition which was dominated by the eutrophic diatom
Aulacoseira granulata. The long term study confirmed the observations that precipitation most
significantly explained the diatom community composition and that Aulacoseira ambigua
responded positively to periods of heavy precipitation. The diatoms also partitioned into three
statistically significant assemblage zones (DAZ) which reflected the stages of reservoir ageing.
However, the DAZ‟s temporal differences in the timing of trophic upsurge and depression when
compared to the timing suggested by the sediment geochemistry. This highlighted two issues
associated with the study and our ability to use biological remains to understand watershed water
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quality changes. The first issue was that the sediment geochemistry and the biological organisms
responded on two different temporal scales and forcing factors as well. For example, a variety of
biogeochemical reactions can occur at the sediment water interface before the sediment is buried
altering concentrations. In contrast to the diatoms, once they have died and fell to the bottom
they are generally preserved in abundance and composition.
The second issue was that the WQ interpretations were made using diatom training sets
based predominantly on observations made in Europe and Florida. This was done because this
was the first study of its kind in this region of the U.S. and no data existed. The study established
a baseline diatom taxonomy from which new data sets assessing species-environment
relationships can be built for the south-central portions of the U.S. This is tremendously
important because in order to manage water resources it is imperative that background conditions
are known. In the south-central U.S the absence of glacial lakes makes it challenging to decipher
background environmental conditions before urbanization. The relationship between A. ambigua
and precipitation suggested that these diatoms can be used as weather proxies. The continued use
and expansion of diatom stratigraphy will enhance and augment historical water quality
conditions in the south-central United States which will aid in the development of more effective
water management strategies in aquatic environments.
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